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arc spent in collecting mateiiab^ agea more in fieparadng ancl 
combining them* Even when a s^em has been formed* there U still 
something to add^ to alter, or to rejectn Ev'ery genemtion enjoyB the use 
of the ^'ast hoard bequeathed to it by antiquity* and transmits that hoard* 
augmented by fresh acquisitionSi to the future ages. In these pursuits* 
therefore, the first speculators lie under great disadvantages and when 
they fail* arc entitled to praise.” 

Lord Macaulay. m Mik&n 

" W^r kann nm Dummes^ tear Kt$igei denkm 
Das mcht die Votwtli scAon gedackt?*^ 

Goethe’s Faust (Fart 11 * Act II, Scene I) 
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^' \Miefi the work of the geologist is finished and his fi nal compre¬ 
hensive report is written I the longest and most important chapte r 
will be upon the latest and shortest of the geological periods” 
(G. K. Gilbert. 612 , 1). This somewhat hackneyed phmsc still 
expresses an important truth; for this final chapter tells of the most 
fascinating and dramatic of all geological e^^ents. T he Quaternary 
greater changes than probably any other span of equal length 
in the earth's history; interwoven with it are the later develop¬ 
ment of the biosphere and the origin and progress of the human 
race. 

Quaternary geology is a study of little more than one hundred 
years yet its literature is mountainous. Alone of the geological 
formations it has its own journals, the GtaciaUfit' Aliigasine (1893- 
7), Revue de Gladohgie (1901^), Zeiuchrijt Jur Cietsckwhiiide 
(190^44), Zeitschrift fur Ghticherkunde imd Claiziitlgeehgfe 
(i047-»-}, BulUttim del Comitato Gladoli^eo ifa/wwo (1914-41), 
Quartdrperiode, Kiev {i930-^}. Zdtsdtrift fur Geschidtefetichuttg 
(1925-42). Die Ehsdt (1934-30) uud Urgesdiichte (1930-^), 
Quart dr (1938-41), Eiszeitalter und Cegemeart (1951— *-)—this 
continues Quartar and Zeitsdmfl fur Geschieheforschung—J^ull 
(1952-^). >urafl/ 0/ Ghdoli^ (1947-*) Quatemaria (1954-*) 

It also has had its own international congresses (Copenhagen, 1928 ; 
Moscow, 1932; Vienna, 1935 » R*'***-' Pisa, 1953), The ex- 
tei^ion into cognate fields led to the wide dispersal of papers 
and memoirs from these and purely geological journals into in¬ 
numerable journals, magazines, jubilee publications and booira, 
into proceedings and trajisactions of academies and scientific 
societies, geographical, geomorpholr^cal, palaeontological, zoo¬ 
logical, botanical, ornithological, pedological, astronomical, 
archaeological, anthropological, anatomical, tneteorological and 
oceanographical, and into publications of universities, govern¬ 
ment surN'cvs and official or private expeditions, many of them 
difficult of access. Additions, made at an ever-increasing rate and 
nver an ever-widening field, appal the keenest student who is 
unable to keep abreast of the rising tide of detailed and specialised 
information. Valuable observations and deductions are entombed 

as soon as entomed. , , . 

Searching in this gigantic literature is most labonous and in¬ 
volves much barren and repetitive reading. The language diffi¬ 
culty is perennial and present methods waste time, effort, money 
and temper, I'herc is therefore an urgent need of an objective 
work collecring and correlating this heterogeneous material and 
embodying in reasonable compass a digest of the imperfectly 
organised data that have accrued from the labours of generations 
of woriters in the Quaternary' field. When brought into juxta¬ 
position with related facts in the mind of the obscni'er, these stores 

vn 
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of useful information may stimulate the growth of knowledge and 
the birth of new ideas. 

Perhaps no geological period has so divergent views as has the 
Pleistooene. Indeed, Quartemary geologists have long enjoyed 
the unenviable reputation of being among the most disputatious. 
The Quaternary is the battle-ground of rival views held bv geo¬ 
logists whose opinions are entitled to respect. In numerous cases 
of conUlct of fact or opinion it is beyond the author's powers to 
resolve them; for the facts given in a book of this kind can be based 
only to a el ight extent on personal acquaintance. I have endeavoured 
to give an objective presentation of the present position on the 
various Quaternary questions and an orderiy analysis of pertinent 
knowledge welded into a coherent whole. What the book loses in 
readability by its fullness of treatment and severe economy of 
words it will I hope gain, in usefulness, 

'llie process of science involves a succession of hypotheses; 
many die in infancy and few survive. Some would'doubtless 
never have been bom had the pioneers had more facts. Many 
theories therefore have now only historic intereat, though few are 
wi^out a germ of truth. Even exploded theories have a habit of 
being resurrected. This is perhaps inevitable where the processes 
are so often hidden from view and where so much is left to deduc¬ 
tion and is admitted or rejected according to personal predilection 
or experience, .^.rgument often leads only to probable conclu¬ 
sions. On many fundamental questions w’e cannot yet pronounce 
final judgment; the problem of ice-flow, the extent and manner of 
ice-erosion, the mode of deposition of till and drumlins, the alti¬ 
tude of land and sea during Quaternary time, the cause and 
mechanism of the epigkeial uplift, the number and lengths of the 
glacial and interglacial and pluvial and interpluvial epochs, and the 
evolution and development of man throughout the world are but 
a few examples. ^ Indeed, much of Quaternary geology is still in 
the stage of multiple hypotheses, and the fate that has overtaken so 
many geological fictions awaits some which are widely current or 
held to be impregnable at the p resent day . The advanced w orker, 
however, cannot dispense rvith such doubts, uncertainties and 
contradictions. 

It may be said with some show of truth that I hatx laid too much 
stress upon the historical aspects and that discarded theories might 
well have been omitted. In view, however, of the faa that old 
ghosts are ever ready to reappear—the glacial submergence of 
Bntain, the tectonic origin of fjords and formation of drumlins by 
wind and rain arc three recent instances — one cannot be sure that 
any hypothesis has been finally relegated to the geological dust¬ 
bin. Moreo\-er, it is advisable that the present-day student 
who has but an imperfect realisation of the obligations due to 
those who laid the foundationSj should be faTniljar with the 
historical weapons and argunients. 

J. Geikie, in preparing the first edition of his Great Ice Age 
(*S 74 )^ abandon his plan of preparing a bibliography since 

It would have required a volume in itself. To-day, after the lapse 
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of a further So years and with the vastly accelerated output of 
Quaternary literature, such a task is well-nigh impossible. I have 
therefore confined myself to compiling a list of over 1900 entries of 
the publications, not necessarily the most important or important 
at all, that I have found recurring in the writing of the text. These 
have been supplemented by numerous references at the end of the 
chapters. For papers in Slav languages I have unfortunately had 
to depend on reviews, summaries or abstracts in other languages. 
Apart from these, about 800 publications have not been a't'ailable 
to me: these are referred to on the authority' of others. 1 should 
he grateful to any correspondent who finds errors or misstatements 
or mistakes in references, many of which have doubtless slipped 
in despite my utmost vigilance. 

rhe text was completed at the close of 1953, Later material 
has only been incorporated where it was found possible to do so 
without disturbing the reference sequences, 'fhe authors are 
given in brackets in the text and the references on pp. 1601, 1603. 

" 1 have long discovered ", WTote Darwin," that geologists never 
read each other’s works and tlie only object in writing a book is a 
proof of earnestness and that you do not form your opinions wi th¬ 
out undergoing labour of some kind" {349^ L 334 )- This book is 
the outcome of a systematic study pursued over many years and 
would not have been possible but for the help 1 have received from 
many quarters. It is a great pleasure to acknowledge the debt 1 
owe to those many workers in different fields who hai-e prorided 
answers to direct questions about tvhich I was in doubt, l^ am 
also most grateful to many librarians for unfailing help and kind¬ 
ness, in particular to Miss A, Barber of the Geological Society of 
London, Mr. W, D. Woodrow of the Royal Geographical Society, 
Mr. W, S. Warton of the Linnean Society, Mr. H. B. Rowbotham 
of the Geological Library and Miss Phyllis Edwards of the 
Botanical Library, British Museum (Natural History), Mr. G. 
Woledge of the London School of Economics, and to Mr. J. 
Graneek and Miss A. Megaw of Queen's University, Belfast. I 
also wish to express my thanks to Professor J. Heslop Hamaon, 
Queen's University, Belfast, who has given me invaluable assis¬ 
tance on the biological side, to Dr. W. Schwaraacher who rad 
through the giaciological chaptera and made many suggestions 
which I was glad to adopt, to Dr. R. Savage who has checked the 
zoological nomenclature, to Mr. A, Green, Ballycastle, Co, 
Antrim, who has checked the proofs, and to my ivife and son 
Henry who have helped me with the references m typescript, proof 
and in Other waj^. I alone, of course, am responsible for any 
remaining obscurities and inaccuracies or errors of judgment. 

With few exceptions the illustrations have of necessity been 
borrowed from published sources. 'Fhe authors to whom acknow¬ 
ledgement is due arc noted in the lists of illustrations in the text. 
For the loan of blocks or permission to reproduce the illustrations 
I wish to make grateful acknowledgement to the following for the 
text-figures given in each case: Akademische \'crlagsgcscll3clMft, 
Lpz., 257, 271, 276, 313; American Anthropological Association, 
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158; American Geographical Society, 36, 260, 318, ^zz and tables 
on pp. 1243-1245 ■ Americait Geophysical Union, 18,38; American 
Joimtal of Sciefice:, 195,220,292; American Meteorological Society^ 
5, 119, 120, American Museum of Natural History, 152 i D. 
Appleton^ Century-Crofts Co., New York^ 169; Arctic Institute 
of North America, 39^ 291a; Berm (Emest) Ltd., London, 121, 
277; Bomtraeger, 33, 34, 124^ 191, 323; M. Boule, Les Grottes de 
Gnmaldi, Monaco, 1906; 146, 147^ 154; British Association 

for the Advancement of Science, 142, 203; British Glaciologicai 
Societ}^» 9, 11^ i3t ^1, 25, 26, 84; Bundesanstak fiir Landeskunde, 
77, 80, Si^ Cambridge University Press, 41, 97, 298, 301, 309, 
310, 326; Carnegie Institute of Washington, 150; Conseil 
permanent intern,, etc., 42 i Dansk botanisk Forening, 302; Dansk 
geologisk Undersoknung, 173^ 184, 186, 231; Denver Museum 
Natural Historj% t66^ i&j; Deutsche Akademie der Wissenschaft, 
53 1 Deutsche geologische Gescllschaft^ S ^ 1 79^ 99> ^^8; Deutsche 
Quartarvercinigung, 54, 100, 172a, 172b, 183, 293, 297; F. 
Dummlers Verlag, Bonn» 132; F. £nke, Stuttgart, 106, T13, 128, 
324; B. Fisler Verlag, Augsburg^, 325; Gustav Fischer Verlag, 
Jena, 299, 300, 306, 311, 314, 316; Geographische GeaellschafL 
Hamburg, 178, 287; Geological Institute, Uppsala, 49, 295; 
Geological 67, 129; Geological Society of iVmerica, 4, 

78* 91, 112, 123, 125, 126, 130, 131, 135, 136, 144, 192. zig, 236a, 
266, 288, 304, 305, and table opp. p. 478; Geological Society of 
London, 93^ 141, 201,239, 243, 245; Geological Society of Poland^ 
172c; Geologisches Landcsaustalt, Berlin, 65, 267; Geologiska 
Foreningen, Stockholm, 1S7, 223, 254, 274* 275, 280; Geologists 
Association, London, 242; GeselJschaft fur Erdkunde, Berlin, 46, 
47, 48, 76, 105, IT I, 132, 133, 212, 213, 214, 317; Ginn, Ginn & 
Co„ Boston, 71, 75; Giiteborgs Vetenskapg-och Vitterhets- 
Samh^lle, 176; The Controller, H.M.S* 0 +t London, 87, 139, 140^ 
160, 162, 200, 202, 240, 244, 246, 262, 263; Harperj. 179^ 303: 
Heine, Tubingen, 307, 315; C. Heinrich Verlag, Dr^den, 294; 
Huber & Co., Frauenfeld^ 149, 155, 156, an, 226; Institut 
d'Egypt, Cairo, 159, t6i, 163; Institut de Paleontologie humaJne^ 
Paris, 153 ^ Institute of Geography, University of Bonn, 255; 
Institut for Sammenlignende Kultuiforskning^ Oslo, 194; Inter¬ 
national Association for Hydrographical Science, 118; Inlcr- 
nationaJ Geographical Congress, 117, 230* [nternalionaJ Geological 
Congress, 319; Juatua Perthes, Gotha, 19, 35, 44; Koehler, Stutt¬ 
gart, 88,180,181^ 182,229; KungL Svenska Vetenskapsakademien, 
222; Laboratoire de Geographie physique, Faculte des ScienceSt 
Univeraiti, Paris, 206; Libraire Armand Colin, 2, 3, 6; Liverpool 
Geological Society, 50; McGraw-Hill Book Co., 1, 102, 108, 234, 
265; McMillan & Co., London, 28,43,278, 2905 McMillan & Co., 
New Yo^, 16, 17, 24, 27, 58. 66, 165, i 63 , 197, zig; Maason ct 
Cie, Paris, 164; Methuen & Co, Ltd., London, 98, 207, 312; 
Morgan, Laird & Co- Ltd.^ London^ 85; Naiurtemensekafien 
(Springer-Verlag), 7, 107. 114, 189, 23 ii Natiirwlssenschafllicher 
Verein, K^imten, 29: Nebon {Thomas) & Sons* London, 63; 
Nfues Jahrbachf. Geoiogie, etc., tO[ J, Noorduryn Sc Zoon, Gorin- 
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chem, Norduin, 104, 185, 3o8,209; iWofgesgeologtike UndmSgdse, 
232; Noisk Geologisk Forening, 61; Norske g^grafiske Selskab, 
272; Korske Videnskapa Akademi, 361, 285, zS6; North Holland 
Publiahing Co., Amsterdam, 73, 258; Oliver & Boyd, Edinburgh, 
72, 250; Oxford University Press, 45: Polish Academy of Science, 
Warsaw, 122; Prehistoric Society, 264; Queen’s Printer, Ottawa, 
283, 320; C. A. Reitzels Forlag, Copenhagen, 31; Rochester 
Academy of Science, 56; Royal Geographical Society, 8, i2, 22, 
37, 216; Ro-yal Institute of Great Britain, i4) 'Si ^Royal Irish 
Academy, 143, 145, 251, 252, 253 ^ Royal Meteorological Society, 
215, 308; Roval Physical Society of Edinburgh, 69,70, 199; Royal 
Scottbh Geographical Society, 256; Royal Society of Edinburgh, 
52, 247, 248, 249 f Royal Society of London, 237; Royal Sodety 
of Tasmania, 137: Schweizer Alpenclub, 59; Schweiz geologischc 
Gesellschaft, 227; Science Progress, 174; Scientific Mtmihly, New 
York, 279; Senckenberg Museum, Frankfurt-am-Main, 151; 
Smithsonian Institution, Washington, 110, 157? Sodetas pro 
Fauna et Flora Fennica, Helsinki, 171; Societc de BiogiSographie, 
Paris, 296; Soci£t<; de Giologie de France, 109; Steinkopf, 
Dresden, 103; Suomcn Geologinen Seura, 9^1 281; Suomen 

Maantieteellincn Seura, 82, 83; Sveoska Bokfdrlaget, Stockholm, 
127. 224, 225, 233, 26S, 269. 270, 273, 321: Svensita Sallskapet f. 
Antropologie u. Geografie, 23, bo, bz, 9®, *'71 Tauchnitz, Lpz., 
55,175,177; United States Government Printing Office, Washing¬ 
ton, 40, 235; University of Chicago Press, 95, 198, 236a, 236c: 
University of Michigan Press, 284; Univeraity of North Carolina 
Press, 289; University of Toronto Press, 57; Vercin f. Erdkunde. 
Lpz., 101; J. Wiley & Sons, 134, 196, 259: Williams & Wilkins, 
Co., Baltimore, 291 j Yale University Press, 89, 170, 23bb. 282; 
Yorkshire Geological and Polytechnic Society. 238; Zeitschrift /. 
GfetrcAerAuwde, 30, 64, 94, 116. . , , 

r am also much indebted to those who have kindly loaned mt 
photographs for the plates and especially to Profewor R. J. l,ougee 
who with great generosity gave me scores of original photographs 
from -which to select as suited my purpose. 

BalLycflstic^ 

Co. Antrim* 

Koithem irtland. 

July, 1956 
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Allen, (c) Rnttgi/^ canhoa Gm. igi8, p. 247p fig. 107 . . . 834 
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24p Vosges; 25, Poland; 2-6^ Sipka; 17^ Moravia; zSp Namur; 29, Saal- 
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bobak in Europe, p^ 255, fig. i ts * - ■ ■ - 814 
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159 Broad distribution of lower palaeolithic cultures in the Old World. 

I, primitive and evolved; 2, evolved; 3, Stellenbosch and Fauresmith, 
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iRt Map of the most important end-moraine lines of north Germany^ of the 
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tinuouE loess. p. 31, fig. 4 . . . . , , , ^42 
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Woldatedt^ F- ^ G. i, p- S4, ftj?. i . . . . . 945 
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p. 31 It fig-30 9+S 
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(Aiks).952 

jSy Interglacial deposits and Portiamiia arctica in secondary' deposits in 

Latvia. A. Dreimonis. Gr Fr F. 71^ i949p P- ISSi 5 - ■ - ^54 

18S Extent of the diJfcrcnt ice-sheets in Europe ^ . 956 

189 The climatic and %'egctational 7.one3 of Europe and the Mediterranean 
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B. Frenzel & C. Trollp E. ^ G, 2j 1953^ map opp. p. 160^ distribution 
of cyclones and anticyclones after H. C. Willett^ G, ^fiw.p 3lp i9sa+ 
fig, r, facing p- 1S0+ Eedrawn by F, K. Hare^ ..^rffr^* 6, 1953, p. 59^ 
fig. t* J. Badelp lS72y p. 109, fig. 4 . , * . . 957 

j go Distiibutioft of the fioral localities of the Pleistocene In European Russia. 

F4S, P. 78 . . r , . . . ^ 

191 Map of the Boreal transgression^ limnic depasitSt aeolian deposits and 

glaciated reginns in north Asia. I^ 3 ly pL 10 . , . - - 9^0 

19a GlaciatJon of Siberia: continuous line, outer limit of kst glaciation; dot- 
dash line, limit of maxlmLim gkebtion ; dash-line^ outer limit of ice in 
east Siberia (age undetermined) ; arrows, storm tracks of to-day. 51 
pi. I (opp, p. 106) ^ . 9^2 

r 93 Distribution of intcrglackl deposits and niammoth remains in Baltoscondla^ 

R. Sandegten, S^atnr i Aftgfrwtaidaftd Me^ffrad^ Uppsala, 1953 , 964 

194 Map showing the distribution of a southern and a northern unicentric and 
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t95 Diagrams showing the extent of the ice during the Cary and Valdcrs sub¬ 
stages and the Two Creeks inierstaJial. R. C. Murray, S. 251* 

1953. P- ISO, fig. 3 .. * 97 * 

196 The approximate borders of the %'aiious drifts in cemnaJ and eiifStem North 

America. R. F. Flint, Hutoirm/ 1949 ^ P- 443« - 973 
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32 975 

198 Classification and cmreblion of the stmigraphicaJ units from the Missis- 
sippi valley to the ccntnil Gmal Plains. (P) Pearlette v^oicanxe ash; 
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fig. 3 . ■ 97S 
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Limits of the oltler drifta^ rewer drift (York Line) and main lateglaciai 
atsRes in the British Isles. 1876, p. 5^3^ fig. sj . . . h 9^3 

Section thmugh the Ho3cne bricltj-^dr Mem. GeoL Smv. Brit. Brg^ 

"'East Anfilia”, 1937, p. 5S , . .. 997 

TTic Chalky Boulder-clay and the cou^e stnd subdlvisiona of the earliest 
deposits of the Thames svest of London. S. W. Wooldridgep Q. J. 
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Grot. SvTT^ Mem. Bril. Reg. Gffyi., '^ London and Thames Valky'', 

Ed. z, 1947, p. 56, ft?, 19.999 


Diagrammatic composice seetion of the terraces of the Cam at Cambridge^ 

B. A . Rp ., 1938^ App. p. 16^ hg. 5. . . . . . . 1005 

Map of Eli gland and Woles showing interglaciol IcxcaLities , + ^ 1010 

Map of the interglacial and inter^Tadjal localities in Scotland. Mammoth : 
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rhinoceros; Bishopbriggs (Bi); reindeer: Glasgow {G>p Carluke (Ca); 
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Bcnhoim(Be): palaeoliths: Comrie (Co); marine: K intyro {K)| Arran 
(A)h Clas'a CCI)p Butt of Lewis (L) . . . , + , , lOir 

Map of Ireland showing Lnlerglscisl (x) and lateglacial (local it ies> sites 
of PkUtoccTic mammals (+) and limit of newer drift and lateglocial 
stages loii 

Diagram of the Somme terraces. IL Brroil, Hr Gg. phyt. G. dyn. y, 1934^ 

P- 372 . 1038 


Relationship of the European palaeolithic cultures m the VoUgfiederung 
and Mibnkoritch^a time-scale. Tentative datings in italics^ C^ core^ 
flakep B, blade industries. 1862 {3)^ p. 2S6, Bg. !io) 

Distribution of the Lower Terrace in Holland, p. 398^ fig. 

West—east prohle through the Meuse terraces of south Limburg. Vertical 
acalc \s estaggerated lO times, .^77, p, 397P fig, 125 . 

The extent of the Arctic showing tundra and ice (EihBded)p July tempera¬ 
ture of lo'^C (solid line), ** Nordenskidld^s line" {dashes with N^s), 
southern Ihriit of continuous permafrost (dots and dashes)^ southern 
limit of patches of peimafrtjst (dotted). Jpojp p. 936 

Some typical species of the I^ry-as floro. 1, Loiseimna proeunthitii; 
a, Salix fmkru; 3, S. hastaia (left with Pry^as <icio^£ala and Bfftda 
tram); 4^ Areiosiapftyltn uta urji; 5, Polyg^ttum xfiiipantm; G, Betufa 
ruim ', 7p Salix retma i 8k S. herb€it€a ; 9, Di^-iir ; 10, Sitllv 

Teiieulat€i-^ ll^ S. myrtiHntdes, p. 13^ fig, 5 ■ - . . 

January isotherms of Eumpe during the last glaciation. The equatorial 
hrait in France lay aJong the isotherm of — 4"C. The Adriatic was dry 
land to the position of the —4'' isotherm. F, Ktule, ErJk. 1951, 

p. 27 Jp fig. T . . , , , ^ . 

July isotherms of Europe during the last Kkeiation. F. Klute, Erdk. 5, 
1951, p. 274 p fig, i ^ 

The precipitation in western Europe during the Wbrm glaciation in percen¬ 
tages of the present precipiTation. F. Klute, Erdk. s, 1951. p. 277. fig, 3 

Vertical circulation of water in the South Atlantic Ocean j vertical scale 
exaggerated 530 limes. G. E. R. Deacon, Q, J, R, it/, S. 71, 1945, 
p. 15, fig. i , , . , ^ ^ ' 


PleisLocene conditions in the North Atlantic refipon. ^074, p, 62, top fig. 

Extent of the pluvial loife in the Nakuru-Nalv^asha region of East Africa 
TJ^5,p. 291, fig. 33.. 

Uft, plurial lakes of the Great Basin region of North America; A, Lake 
^nne^nlle B, Lake Labonten; C. Mono Lake, Right, existing lakes. 

jj^j p. 3 ®, fig, .. 
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cuHi'e of chani^ng levels of the pltiviai J^es in L-ahontan and 
Summer Lake ha^ins in late-Quiaiemary time. T. S+ AJlison* G. S, Ar B. 

56, 1945. p-Soi. fiff. 4. .... ^ 

Metcoroloi^irai conditions of the North Atlantic Ocean dudng the glacial 
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Oispiflccmcnt of the climatic and vegetaticinal 2on^ {mean latitudes) 
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Probable animat icrminal moniintt, j : 100,000. (a) Holniestad region, 

Vastergoiland; (A) Brattfors region., ^Irmtand. p. 129 - ■ 1 iS^ 

Diagranrs illustming deduced types of spreading of melt-water under 
Viirying conditions of salinity. P* H. Kuenen, F. F. 73 , i 9 S ti 
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Method of const ruction of var^c diagram. A, vart'es in vertiral section; 

B, the same varves separmlcd and rotated through oo"^; C, the sarnc 
%'arvcs put into diagraminatic form a-od in D,. reduced to a smaller scale. 
loya (a)* p. 262 ^ 

The yearly recession in the Stockholm area mid the comebtion of the 
van'es at localities 1, 3 and 3. ro72 (a)+ p. 263 ^ - 1157 

Profile of the Pleistocene .Aarc Glacier with its retreat phases and the 
corresponding snowline and ireeline. p. 19? fig- 3 » ■ ’ 

Map of the Alpine glaciation showing the position of the glaciers at the 
Gsehnitz and Daun stages. P. Beck, EcL 30, 1937 . P- ^ 45 . 


Map showing the ite-pauses in Pomerania, with Diluvial valltrya^ 5 fotf- 
heeften and dnunlins. K. v. BOlow. Z. D. G. 6 \ 7®. ^ WP 

p, 98) 

Map showing the extent of the Bnmdenhurg, Frankfurt and Pomeranian 
stages. D = East Jutland mondne; E = Bell o^cUktion; F * Lange- 
land oscillation. 1^22. p, 370, fig. 77 . - . ■ - itofi 


230 Map of the Dutch slau-moraines (in blackh J- B- C. Gg. 

1938, p. 562^ tig. 3 . . + * - ^ ■ ’ 

331 Oscillations over the Danish islands and Scania. A- Jessen,^ D. G. St 
4, 1928, pi. IT + 

23 a Ras and other ice-marginaJ lines atmut ih-e Kattegat and Skagcmik. 
n, p. 6 i7p fig, 280 . - - - ■ - ■ 

233 Dead ice or ablation moraines in south-west Hftrjedalen. Scale i : 50^000. 

1072 u), p. 24 ®.. ’ 

234 Festooned mornincs of parts of Michigan^ Ohio and [ndiana. 49/j p. 474, 

fig- 133.; V ’ " ' 

235 Map of the moraines of North Dakota, fL A. AVard, G. S. G, S. B. Hoi, 

1929, p. 44- . - - ' . 

Map of the three AVjsconsin snbstages in North America; firm lin^ 

E, Ante\’s, 7 . G. 61,1953. P J dash lines after ft. F. Flint, G. S.A. B. 
64. 1953, P W. P^- ^ ‘ ' 

236b Map showing Anle^-s' measu res of the rate of retreat of the North .Americsn 
ice-fVont by stages- p- 86 ^ fig- 46 . 

236c Cr^ph of the chtorolog>' of latcglndal (Dcgladd) Md pwiKlacial {Nt^- 
themwl) limes in North America. Solid line irtclieates vane ^ta, 
dotted line estimates. Slfaight lines signify predominant retreat, bows 
halts or leadvanccs. E. Antevs. J'. G, Si. t^SJ^ p- *97* **8' * * 

*37 Pt>ssiblc appearance of Lake I larrison near to its maximum esteiit. The 
map is gtidded in lo-kni units. 797 J* P- * 5 ** ^8- 6 . ■ . 

ajS l,ake HumbcranilLake Fenland. A. Raistrick, P. I'. G. S. m, 1934, p. 203 
239 "'*** Rekrring and the iplacier-iakcs of the Cleveland Hills. SSg, map 

freduced and simplified). 
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Glacial diversion of the Rivers Dement and Rye. Giiti, Stirv* 
"Oolitic and Crctacaau^ Rocks o-F ScarboroughEd. 2j 1904^ p. 96 . 

The York and Escnck rnnraino of the Vale of York Glacier. Sgi, p. 526 

Recessioti of the ice from the north-easi of England, based on marginal 
drainage. A. Raistrick, P. G.A. 42, 193J, p. 287 . . . . 

Glacier^lakes south-east of Cardij^an Ray^ p|. 20 (reduced) . 

Map illustrating the cittcnt of the ice in the Welsh border district with 
I^ke Lapworth. G^ol. Stirv. Mem. Brit. Reg. Geo/., Welsh Border¬ 
land"^ 1055+ p, 77^ fig. j8 , 


Glacier-lakes and marginiLt drainage in the area of t he south-wcat Pennincs. 
Dnt and dash line — limit of estnuieous drift; hea^'v lines ^ drainage 
channels; dotted Uncs == positions of ice-edge at certain ctiri^l stages j 
continuous lines contour linc.s at intcr^'als of 500 ft^ shaded areas = 
extra-glacial lakes, pi. 19 . 

Marginal drainage about Rossoidalc. Geol. Sun\ Mem.^ ''Rossendale 
Anticline", 1927, p. 135, hg. 37 . 

The more imporraiii stages of the gkcier-lakcs in the eastern GtBmpiiins 
of Scotland- ^^76, opp. p. fig. 21 . 

The main stages in the recession of the ice from the highlands and 
Islands of Scotland. rSy6^ pL 1 . 

Die disposition of the glacial snowlines in the Highlands an-d Islands of 
Scotland at Stage M, Moraine Glaciation. iS^6^ p, 900, fig. zz. 

Map of the Southern [rii^h End-moiaine and the distribution of the Irish 
eskers in cenitaJ and southern Ireland. J. K. CharlRworth, Geohgy 
0/ hdarfd. i953j P’ fig. 78. 


Map of the local glaciers of the Wickloiv Hilk and of the glacier-lokea 
ponded by Httrancous ice. J, K. Charie^worth, P. R, L A. 44B, 1937, 

pl- II. 

^iflp showiit^ the {lisTiibution of tlnjinlins^ of glacinl i^r&vcls flntl 

of glicicr-lakcs in Nonh-oist Ireland, and the North-east lielund 
Moraine and Carlingfond Readvance, atSp, pL 27 . 

Map of the claefer lake* of the Sperrin Mountains. p|. S . 

M^ps of the retreat atsEes in North America and the Baltic region, nith 
dates expressed in round figuries from a.p. 1900 and biued upon varves 
and the C-14 method. E. H, De Geer, G. h\ F. 195 1, p. 566, fig. 1 
Successive Stages in the Pleistocene history uf the Blach Sc*. 13OS, figs. *, 

b, Cp d llllq C ^ _ X22Z* 

Morpho|op*«l features of the North Sea basin, A. f|. W. Robinson * 
a. G. M.6a. 1952, p. 75, f,K. 7 . 

British epicontificntal seas in Boreal time. 637, Ifd), p. lo. 


Sketr^-nup ^the distribution of the old-sea clay in the ivcstem Nether- 

World dtalnhution of submari ne cany ons. Number, given tvhere canyons 

soundings for longitudinal profiles 
'JrV '* 43-1245 identifies these canyons In 

sre t hose denved from exploring vesstils) and 
p P PMKion nf other canyons, some of doubtftil 

Character. F P. Shepard and C. N. Beard, G, R. iS, ,938, p. 440 
Profiljs across the strand flat in Froi a and Hit teren, tvest Norway Vertical 

tandm the nght gives the natural sadr. F. NaniKn. ti 6 S, p. i„. 
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17 . . 

163 Scctian across the buriL'd cJtamitl at Glemsfbrdr 1, L'halk; z, f^lacial 
sand and fltave!; 3^ bouldcr-ciny. Gtof. Soft.', Mem., Sudbury 

I 9 = 9 p p. 4 &. fig, 13 . 

264 Graphs showing variations b }eve\ rtf Faiyiim La 3 <c (hill linejp of the Nile 
at Brai SucT {dotted line)^ and of the Eastemi Mediterranean relatively 
to the land (broken li nc) du ring the Qtiatemary c ra. 2.fi , p, 94, dla^tr. 4 

Ideal atmngement of the Pleistocene coastal terraces of eastern North 
America. 49J, p, fig- lo 

266 Ph>'siographie featorts of the central Gulf Coastal Plain and adjacent o|f- 

sl^re areas. H. N. Fisk and F- McFiirlanp G. S, Spee. P.+ 62, 1955^ 
p. 282, fig, 3.. 

267 The relation of the Kieselordith Terrace to the !Main Terrace of the 

Rhine and the Pliocene fan in the Netherlands. H. Quiring, X 
1926, p. 495, fig, 3 ' 

a6S Map of the sea's greatest area in HaJlrtScandio (black), wlili ureas of most 
important giBcier-lakes (shaded) and iso bases of uplift in metres . 1^7^ 

(2)p p- 299 .. 

ifi9 Map of the Baltic ke-lakc (shaded) just before the opening up north of 
Mount Billings the ice-sheet (whiiej^ the sea (black) and land (grey) and 
iRobases rtf uplift at 50-m intervals, /oy^ (2), p. 306 
J70 Map of the YoLdia Sea at the time of the Ras, Middle Swedish ^^-lorainesT 
and Salpausselkis- (2), p. 307 ^ ^ - 

271 Characteristic fossils of the Baltic Sea* A^, iYaUia} ^rctkiii 

Bj from abov-e and side; Liftcfrinn /iforfti; 

J 3 , Lymrii^en otuld ifaltica from above and below; E, Mya arenari^. 
sMys in i;, othera in natural size. ^57, irb)^ p^ ^S^ ^ 3 ' 

272 The present disirihuiion of F&rtlafuim (Y^ldid) aretka. .^. N. Gg. 

T. t2, J 949 i p- 135. fig- 7 - ^ • 

273 Map rtf the Ancylus I^e (shaded) ivith isnbasesi (in metres.) and ice- 

remnant (white). TOj^ (1). p. 312 

274 Map of the Rhabdoncma Sea (Bha 1 )^ with isobases (in metres), 14^4. 

p. 23ip fig. 12 . ..- 

275 Map of the Liitotina Sea at its earliest^iage (L I), with isobases (in metres), 

14S4, p, 241^ fig. 16. 

276 Surface isohalines of the present Baltic Sea and the corrc.'ipondiiig area of 

the Litiorina Sea. fij;, 1 (b)* p* 28, fig. 15 . 

277 The distribution of Janiiary tempeniture in Littorina times compared 

with the present. 203 (2), P H7- 16 - - . - 

278 Distribution of the various beaches of the British [sles. (a), p- 369* 

fig. 127 . . 

279 Profile and map of The postglacial upw arp between scuthem New England 

and Hudson Bay. R. J, Lougeep Sr. Mo. 7^^ i 9 S 3 p P 2 ^ 3 * S 

280 Relation diagram of the most important farmer stnuidlines within the 

Baltic basin and near the ocean coasts. MGVcp marine limit in 
Vendsvssel^ BGlp BGll and BGINt nlder latcglacial atrandlines in the 
Baltic “basin ; YG. Yoldia limii i RhaG. Rhabdonema limit ; AG. Ancylus 
limit : ClyG, CI>T>eus limit ^ LG, littorina limit. The strandlmes near 
the Arctic Ocean, after V. Tanner, ate lettered f-i. M. Sauramo* 
G. F. F. 66p i944p P 54^. Eg i ^ ■ 

281 Map of the hinge-lines of Fennoscandia and the extent of the ice at ihe 

close of the First SalpausseM stage. r4^J± 59p fiff- 9 - 
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Map of the wobasea of ea^iem North America. p. 106^ fig. 64 ,1321 

Map of the bobascs of l^e Aspssb. W, A, Jahjistoii, Cflff- E. j\ 

1946, fig. I.. 1323 

Map showing the northward displacement of the hmge-Im-es in North 
America (not dmivn lt> sciiSe). p- 149* fig. 12. 

The total uphea%’al of the land in Angemumland and at Oslo after the 
niaximuiTi extent of the last Fcnnoscandian ice. //70, fig. 4 

Cun cs I^I V give the rate of the upheavitt of the l^d and of the retreat of 
the ice (in kilomctrcft and square kilometres) from 17,000 sx:. to 
AJ>. 2000. The nu llenn ia are n^arked on the abscissa. 'Fhc ordinate for 
Curv es ] and 1 1 gives metreSp the right lower one for Cun’e 11 [ gives 
kilometres and the left Itswer scale for Cutv^ IV gives square kilo- 
nieiris. jj^o, fig. 5 . . . . . , , . 

TTie bobascs of the present npbft in the Baltic region in centifnetrcs per 
year according to F, Bergsten (18x5-1917)^ R. Witiiiig (1892-1912), 

F. Bergsten (1887-1927) and F. Model (i904-'3SJ. F. Model, M. Gg. 

49, 1950, p, Ri, fig. 5 

Contemporary v.'arping of the Great Lakes region, 675, p, 743 , 

Isobases of fuiure uplift about the Gulf of Bothnia. 340^ 4^ ■ 

Deformation of the beaches of Lake Bonnevillp. Ap deformation uf the 
Bonneville shore-line; defotmafion of the Proto shore-line: 

C, theoretical curii^cs of defomtation of the Bonneville shore-line* 

Black lines an- isobases, shaded arras are recent laheSn 184^ (a), p. 4106, 
fiR 147 . . 

j^oogcographic borderlines in the Malaya .Archipelago. The shaded areas 
are tlie continenfal shelves. E. Mayr, Q, H. Uhl. 19, 1944, p. 2, fig. t . 

Fhc arctic limit of Pit fit ^ Abies f Ptfius^ Z^iriiv, yumpettis ^omfHftttis and 
Thtifa atcidfnialii. L lluslichp ArtiU, 6, P^ ^57* fig-- 6 

Pleistocene mean sea-level pressures in winter in the east and south-east 
United States E. T. Odum, A.J. S. 250, 195a, p. abS . 

Map of the dbtribiition of the ice and the vegetation xones in Europe and 
nurthem Asia during the last glaciation. B. Frenacl and C. Troll, E. 
d- C. 1, 1952, map opp. p. i 5 o . , . _ , ^ 1380^ ijgj 
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Plekidccne refuges in the North Atlantic region. 1^26, p. 439, fig. 3 , 

The relict bhes west and snuth of the Baltic Sea, with the approximate 
position of the maximum submergences. i6g6 (i3), pp, 4, 10 . 

The European dkiribution of Poiytflit Centura in respect to the glacEatcd 
area. A, Vandel, jWw. S. Bhgr, IL 1928, p. 77, fig. 2 , 

The known distribution of the latcglacial inicntadial nccutrencea In 
Europe. H. Gross, E. Sc C. 4 and 5, 1954, p. ti9, fig. i . . 

Patlcn dkgnm of OWer (I) and Younger (III) period imd iKt 

.^crud period (II) m the southern Vosges, Left AP, right NAP 
^Qwn as pereentage of AP, F. Firfaas, N. Phyt. m, iq«. p, i6s: 

G.GrQmg.flo/.ZW. Bfc. 121, ig^S ! . . P- lOj, 

during AHerOd time, i, Lirch with little or no pine; 
a, birch wth frequmi pme; 3, bireh-pme; 4, pine^birch. Bmk™ line, 
supposed liinit of the ifeclcss mountains; arrows, first penetration of 
tvamicr trees (CorWur, Quertus, Ulttiin) and of aonjce. toT. n. *n* 
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*rhe various iiyiiibols used in pNiiltti analy'sis, * M. MikkcI5^^Il| Dansk. 

Bor. Ark. 13 (5). p. lyr ^ - - - ■ ■ ■ 

Tlitf ti^piolls of Pifru and Fagus during cacb of livi- postgl^iciml periods in 
Poland. p. 130, 16, 

Distribution of the pine, birch-pinit: and birch zones tlurini: the Subarctic 
phase of central EuropCr F. Firbas imti E- Dccv'cy, O- S. A. E. 60, 

194 ^, p. 1327^ % 3 ^ ■ 

Distribution of the sprute during the climatic opritnum. F. Firba* flnd 
E. S. Deevey, C. S. A. B. 60, 1^9^ P U 3 U B#t. 6 . 

Xligration routes of .'li^iVf into central Europe, rj^j^ p. 4-^1 Bg.- 4^ ^ 

Distribution of C'arpitttii betulm (black line = prest-nt* stroke line = 
former dbldbution) and of Fagus jiivatkii (dotted). rjJ* p. SV. 4 & ^ 45 1 

The distribution of the Eumpewn foreifts in posstglaeial time, C. E. P. 
Bmoksp Q. j. 1 ?. AE S. 60, 1934. P- 385 

Twelve pollen diagrams from sites along a meridian from north Fwllsmd 
to centnil France. Each recmiigle inelitdes the whole postglacial 
sequence for one ts-pe of pcpllen. 617, p, 334 . . - . . 

A series of pollen disgrams from si* sites along an east-wcsl line across 
Europe north of the latitude of the miiEed-dak forest. The moTu 
sottlheriy situated Luiem is included for compajnson. The forest 
dev'elopment is strikingly uniform though coniferous for^t is pro¬ 
gressively dotninmt in the east. All sites show the rcvcrtencc of 
coniferous forest during the IsSt phase. 6 -r 7 i p- 33 ^ * * 

Distribution of the hazel in north-west Europe. Black tJrtks = 

mum distribution in Mesolithic (1—25.% i 26-5^%* 5 7 ^* ^ /o) i 

black-white circles = maximum d^tribution in Neolithic; white 
circles = maximum distribution in Bronze age. Jjj, p- z 7 » fig. 21 

The stratigraphical distribution of archaeolojric^al finds in Scania in terma 
of the Swedish floral zones, 1S62 {3), p* 66^ fig. 25 ... 

Diagrani of the most irnportanl strandlinea and of prehistoric settlements 
in Finhmd* I {i(b))p p, it . 

Distribution of Traps naram lo-day (black) and in climatic optimum 
times (ahoded). rjj. p, 77 . Ar- 74 

Extent of CfTotopkyUum dtmersum (I), Lyeopui ruropoeus til) and Corev 
ptrttdocyp^rus (III) at climatie optimum (shaded) and to-day {cto&s* 
hatching). p. 73 . Bgn s& 

Distribution of Corylus rtv^flana during the climatic optimum (shaded) 
and to-day (cross-hatching) in Fennos^dia. Jjj. p. iSp fig. 16 

Curve of the July temperature al ErfiiTt since z^^ooo 0.C+ F. Klute, 
Erdk^ 1951, p. 280, hg- . . 

The recession of the ice from Sweden and Norway and the variations of 
the local Scandinavian glacicn^ during the ta$i 12,000 year^, and of the 
fimline, %^atnaiukull, Iceland. The glacier-varialion scale is relative 
mnd the time scale logarithmic, H. W ison Ahimann, Am. iS.j. 
I 9 S 3 ^ P-381 %. u . . . . . * ^ ' 

Reklbn of the five named parts of the Niagara Gorge to the Rtader-Iak^ 
ftf tht Ijiurentian Bfwin. LcwMitm Brnncn Rurgi! — <wrly 
Algnnaum; Olti narrow gorttr = Kirkficld atosc of Uke A gonqutn; 
Lower ansit gorS': = Port Huron-Chicafio stage of Ijikc Alsonqujn; 
Whirlpool rapldi gorRe ^ N>i«mg Gteat Lakes? Lp^r Gr^t 
Gonze = pr«ent G rest Lakes, F, B. Taylor, fi.vnirsjon Gmdt mt. 

G. C., 1013. Book 4, p. t6 . 
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Relation of the pwrtg of the Niagara Gor^c to the gkd£r-lakc$ of the 
l^urcntian Basin. First gorge = First Port Huron stage of Lake 
AJipnqLiln • Old narrow gorge = Firet Fenelon Falb stage, Port Huron- 
Chicago stage and Second Fenelon Falls $tagc ; I>evil^s Hole gorge = 
Huron stage of Lake Algonquin; Niagara Glen gorge = 
Nipissing Great l^kcs; Ongiara gorge (Whirlpool to Cantilever gorge) 
and Upper Great Lakes present Great Lakes, p. 21^ %, 4 

Four atagi^ in the history- of the Ragunda region. Z072 (2)^ p* 27S 

Chronological map of the retreat from north Germany to the Fen- 
nosE;andifln ice-shed. Fp Bp Poz. and Pom, designate the Flimingp 
BrandenbtLtgp Poznan and Pomeranian morainfes. ^5, p. 165* Bg, 30 - 

xMovement of the North Pole according to i, Kreichgaucr; a, Kdppen 
md A. W'cgcner: 3. Milankovitch ; 4* K&ppcn (1940). pja, p. 14, 
3 - - *. . 

Map showing the regions which art Irreconcilable with continental dis¬ 
placement sinee the Pliocene or Pleistocene, W\ Behrmann, G. Rd. 30 
i 93 &t i 3 Pp fig. I 

MilEiJiim%;itch"t radiation curve for the last mUlion years and Eberrs 
glacmtipn diagram for south Bavaria. 444 y pL II 

Eflfecl of two cycles of solar radiation on glacktion, G. C, Simpson N 
P 579 . fig- 5 . . ; , . - 
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{A) LAND-ICE 

Chapter I 

SNOW AND ITS DISTRIBUTION 

Distribudoti. The moisture of atmospheric condensation may be 
suspended as cloudy mist or fogt deposited as dew^ hoar-frost or rime, or 
precipitated as min, hail or snow. The regions which receive snow are much 
less extensive than those which are liable to frost,^ 

North and cast Europe (Poland and north Russia) have a regular winter 
snow^-cover. In the centre of the continent, the cover m the lowlands is 
intermittent, in the west occasional, and in the extreme south quite rare, 
Asians heaviest snowfalls tend to occur along the periphery from Kamchatka 
and north Japan to east China. In Africa, snow^ collects on die Atlas Range 
in the north, on the great equatorial peaks in the east, and in the south on 
the Drakensberg scarp and Fligh Vcld^ un the Basutoland highlands, 
and occasionally on Table Mountain. North America, the most snowy of 
the continents, has heavy snowfall in the west from Alaska to CaJifomia and 
on the eastern highland$ along the great cyclone track as far south a$ sub¬ 
tropical Florida, South America’s snow is mainly limited to the Cordilleras, 
In Australasia, snow falls in Victoria on high ground and sometimes sweeps 
the Canterbury Plain and southernmost South Island of New Zealand. 

Thus snow falls mainly in higher and middle latitudes. In the latter, 
A, Penck^s^ ^^seminivaF* zone of mixed precipitation, the percentage of snow' 
varies considerably; it increases generally tow^ards the poles w^herc snow pre¬ 
dominates and diminishes toward? the tropics where, save on the highest 
peaks, snow is unknotvn. 

The extreme equatorial limit of snow is uncertain but in the northern hemi¬ 
sphere^ probably runs in the region of the Parallel of 30°^ passing through 
the Sahara to embrace Algiers, Tripoli and the whole of the Mediterran^n— 
this sea also freeze? occasionally in some places^"* e.g^ in the Adriatic (in the 
lagoons of Venice and in the Dalmatian bay’s), in the Aegean Sea, in the Gulf 
of Salonica, and near Livorno in the Ligurian Sea, From Cairo it crosses 
themoutlis of the Euphrates and Yangtse-kiang to Canton (23® iz^N, Lat.) 
and Hainan s (18''45'N. Lat.) and in the New World passes through the 
mouth of the Mississippi. In the southern hemisphere, snow has falknt in 
Sydney (35* 52' S. Lat.) and in South America as far north as the Tropic of 
Capricorn. 

llie summer limit is of course much nearer the poles; except in Norway, 
it coincides almost with the Arctic Circle and in the southern hemisphere 
with the 50th Parallel.^ 

'fhe percentage of the annual precipitation that falls as snow, as demon¬ 
strated for example for North America (fig. i), increases in general with 
latitude. Penck’s “fvill-nival zone", where precipitation is entirely crystal¬ 
line, is restricted to the Antarctic south of latitude 75“ or 77’’8 and to Green¬ 
land at heights above Soo ra, though eii'tn here rain may occasionally occur,^ 
Elseivherc in tlie Arctic the precipitation is mixed.^ 
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Fic. I,—Mjip (he jjtrMntag: of Uie wnunl precipioitiM which U 

North ArtiencAr C. F. Brooks and R, G. Stone, p, SS. 

The ratio ofmow to total precipitation increases too with the temperature'- 
fall with albtudeJl The rate m the Swiss .^psl 2 approximates to lO/ foi 
evc^ too m: the ratio « 10% at 450 m, 28% at 1000 m, 40% at icfo m 
S4/o at ^000 m and 81% at 3000 m. Comparable figures for the Easterr 
A 1 ^I 3 are 46% at 150a m, 59% at 2000 m. 73% at 25^ m, 85% at aooo m 

93% at 3100 m and c. 100% at 3600 m. ■ /o « 31x10 m 

Snow and ice conditions haw been examined in several countries, e.g 
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FiBland^ and maps showing the mton annual snowfall have been published 
for north Swedenand North America^^** including Labrador-Unga%^aJ7 
In general, howe^^eri such snow-maps have yet to be constructed* 

The number of days in the year when snow lies on the ground, which is so 
important for both air and soil temperatures and for climate in gener^^®—the 
snow protects the vegetation and ground from frost and by radiation increases 
the cold of nights—, is shown by cquinival or equiglacial linca*!® Such maps 
have been made for the British Isles,^® Tyrol Finland f^r Sweden^ 

where the number of days is 5 o in the south and 240 in the north. The 
duration of the snow-cover in Norway is over six months in Finnmark, in the 
interior of Xordland and on the high fjeld* and sinks to c* zo days on the west 
coast. In middle Europe,-^ it increases eastwards from the oceanic west— 
Fleligoland and Paris Leipzig 45^ Warsaw 60^ Riga 100, East Prussia 112, 




FiCl 1.^—Equtniviita otEurtipe. E. dc Martorihe, {7), p. fia. Si. 


Moscow T 50—and into the mountains, e.g, Ilatz (Brocken) j 77, Black Forest 
(I'eldberg) 198 and Ricsengebirge (Schneekoppe) 255* Germany, itdcpcrids 
chiefly upon temperature, to a less cjctent on precipitation, and increases with 
altitude at an average rate of 15 days for each 100 m, so that in the south there 
is great variation. The duration also increases w'ith altitude in the eastern 
Alps 25 (where the rate rises with the total precipitation and the duration is 
very great above 2500 m), and in the Austrian Alps2* vvhere the cover ranges 
from 38 days at 200 m to ztS days at 2000 m. The duration in different 
years fluctuates greatly at low levels (32% at 400 m) but is fairly constant 
above r 200 m (less than 10%). Figure 2 depicts the ecju i n ival s of Eu nope.^T 

and fig. 3 those for the UniW States.^^ Figure 4 gives the duration of the 
snow-cover in the United States in days per average year. 

Character. Although snow surveying was bom in Eumpc towards the 
end of the 19th century and has important practical applications, the study of 
the properties of newl'v fallen snow and the changes this undergoes under 
different weather conditions is still only in its infancy 25 *—tlie advance of 
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Fic. 3. — Equinii'BU of the UiuchI States. E. de Martatmep (7). p* fig, 



for the control of avalanchp, so that much new knowledge has been acquired 

ofSo^^!!^rf m'^tamorphism of different types 

oj and of ice and glacier itiechanicSv^l 

ice*^r« mmer^ogically is indistinguishable from 

i«, tails as picturesque needles or flakesffig, experiment and the 
electron microscope have helped to elucidate their giotvlh.^ The patterns 
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depend upon such climatte factory as temperature and wind velKity and upon 
the rate of growth which i 3 controlled by the vapour concentration gradient. 
Stars or needles arise in still air, granular snow (by mutual contact and fric¬ 
tion) in wind. Crystals at low temperatures form small and regular plates 
which unite into a fine powder.^ If these plates fall through great heights, 
especially in moist air, they grow at their edges and comers into six-rayed 
stars (less commonly prisms with pyramids or bipyramids) whose rays may 
add further branches. Thus in general n«dlea or rods, united into bunches 
or fascicular crystals, occur above the snowline, and stars or needles, coalescing 
into aggregates or flakes are found near this line. Fem-Ieavcd shapes grow 
from rapid labile crystallisation, good crj'stalsand prisms from slow metastable 
crystallisation. Condensation on a glaciur yields crj'stals that differ from 

those of snowfall.^^ , 

Polar snow-wastes resemble subtropical deserts not only in their strong 
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solar radtatton, excessive dryoess and strong winds, but in their erosive and 
cumulative forms, of which the simplest are the ripples whose shape depends 
upon wind velocity and the weight of the snow particles. Snow dunes^* 
comprise barchans, free dunes and obstacle dunes heaped up in the lec of 
rocks or such icc-projeclions as bergs or a glacier’s terminal face. They 
embrace the long, sinuous ridges or longitudinal dunes, the faHrugi^^ (Russ. 
zattruga, which are long, narrow' linear dunes, usually about 3 ft high, 

aligned in the direction of the w ind, and with tlieir steeper ends pointing 
upwind. First described from Siberia,**® these trend parallel with the wind*** 

mixed sastrugi” arise when winds blow from various quartersand 
abound in wide expanses of snovv,**^ as in Lapland and Greenland and over 
most of Ross Barrier. Some are erosional, others constructional, though the 
term has been restricted to the latter** or to the former type.^s Compared 
witli their analogues in sand, they arc generally less flat and grow and move 
less quickly,"**^ The snow cry'stals freeze together by regelation, and the 
density of the cover which was originally characterised by high porosity 
gradu^ly increases.**^ 

On the steeper lec edges in □ landscape, e.g. ridges, plateau scarps or 
margins of stream channels, snows collect as cornices (Gcr, Wdckte) w hich 
may he temporary' or may be winter or permaiient structures. I'hc cornices 
grow according to aerodynamic laws, which have been recently investigated,**^ 
until overloading and melting cause them to sink and finally break off. 


Snowline. Perennial snow's on temperate and tropical peaks and in 
polar wastes are bounded by a lower line, the so-called snowline, where as 
much snow' melts m summer as falls in winter. It is the highest position of 
the “ temporary " snowline which generally lies at a lower level and fluctuates 
widely with the seasons*?*: on the Pasterze it varied by as much as 600 m 
1 he concept introdu^d by L. Bouguer^o in ,73^, w'as defined more pre- 
cisely by de Saussure^J who determined the line's height in many pbc« in 
the Alps and sought the controlling factors. Several writers 52 have dealt 
With the mstDnc^l aspect. 


On tropical dom« like Ruwenzori and Kilimanjaro, on mountains in 
gmador, Peru and Ne-w Guinea, on Mexican volcanoes, and on the outer 
Himalajan peaks, all of which hav^ more or less regular outlines and a uni- 
form dimate, the line is sha^ and regular 53 (pi, p, gj, un¬ 

affected by orographic ^tches and but little modified by seasoJd fluctuations 

Itwasindecdinthescregions 
of ^mplicity of snowline that Bouguer first recognised the controlling fa^onii. 

1;"^ disdtirtness in high latitudes where it expands into a zone 

1000 Thk i?h '® =^^50 km broad and has a vertical inten al of 
m. This IS h^ause the sun's rays have a very low anele the relief at 
these relatively low levels is varied, and the ice-sheSs incline only siigMy 57 
1 he wide y^ y oscilUt.ons of the limita 5 S (cf, the mean and maximum snow 
altitodes m Baltosc^Aa dunng the winter months 59) ^.iiich find their climax 
on isolated mountains®® add to the indefinitencss ton the Pasterze 6* (see abovel 
snow covers the tongue from November on and melts only in JuirwhSrii 
Stciermark the temporaiy snowline stands as follows: March, 700-000 m■ 

^ September,2400-2800 lii; ^ber! 

1700-igoo m ; November, 1000-1300 m (cf. p. 14) vioucr, 
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Controlling fnotors. The snowline coincides with neither contour nor 
isotherm but zigzags acutely up and down according to summer hc^t, radia¬ 
tion, reflection, pn. cipitation^ humidit)', cloudiness, force and direction of the 
prevalent wind, avalanchest prosimiw to glaciers^ the nature of soil and rock, 
rock-structure and slope aspects.^^ G. Wahlenberg^ (1813) emphasised the 
meteorological factors^ and A. \\ Buch^* attempted to ascertain those, both 
meteorological and orographic, which govern the Norwegian snowline. A. v. 
Humboldt^ recognised the factors still more clearly* 

The snoAvline is obviously influenced by the summer warmth or the mid¬ 
day temperature of the hottest month, c,g, in the Swiss "Hie relation¬ 

ship is brought out by die course of the snowline through the latitudes and 
its connexion with the temperature curt-e^^ (fig, 6): in both lines, the 
equatorial depression lies north of the equator and the southern peak is 
higher than the northern one. The snowline tvas therefore early identified 
with the summer isotherm of Yet diis is manifestly erroneous^ since 

the line is not solely a function of temperature* precipitation is also of cardinal 

Mffrth South 



FlO. 6 .—^Mean dlirtlJc ef the jLnawImfi (i), &joooTxib)£ to latitude companed with tcmpcrsliire 
(2)^ pnreipiEAUCin (j), and the mdox aridity (4). E. de Martonoc, lopj {7), p. 331, li|f. 117, 

importance. Although the line sometimes coincides with the summer 
isotherm of oX, as in parts of Scandinaviaor with the zero isotherm of 
the Avarmest days, as in west Greenland,this usually is not so. Thus in 
the Jotunheim area and in Non^vay generally the temperature at the snowline 
is higher in the Avetter west than in the drier east."^^ Diminished precipita¬ 
tion explains the slight fall or even rise in the snowline northivards through 
wxst Greenland 7 "* and the slow' motion and gentler slope of the ice-sheet in 
north Greenland. 

In average climates be^vecn 35® and 70° N* Lat. the line coincides ivith the 
isotherm of 4'^Cd::3®C of the Avarmest month or — 4"'C±2*C of the year.^^ 
V- Paschinger^* states that it oscillates betAveen lo^C and — io*C and lies 
in the Alps at — 4®C and in central Asia between “6®C and —^8°C. Near 
Mount St. Elias in Alaska it is loXp in tlie Sierra Nevadas of Califomia 
8'5^C, in the Andes near Junin —7‘^C and on Kilimanjaro — 4®C. H. 
W:son Ahlmann^^ placed it in the Alps and Norway at the summer isotherm 
of z^C and drcAV a map shoAving its relation in the Alps to the summer 
isotherms. In Iceland it ranges from — 07"C in the east-central region to 
4 3°C on the north-west coast. 

Latitude is often not permitted to ^xert its full effect for snowfall offsets its 
influence. Thus Alaskan glaciers inercase in number and $rzc and their 
snouts decrease in altitude towards the centre of the great semicircle sur¬ 
rounding the head of the Gulf of Alaska "^5^; the snoAvline is at a Ioav altitude 
in north Iceland and Patagoniaand is locally depressed by b^ies of water,^^ 
such as Lake Titicaca, the Black Sea and Caspian Sea* It is also loAVcr on 
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the western edge of the Pamirsand, despite their higher temperatures, on 
the southern slopes of the Caucasus*^ and Himalayas^ (the difference ranges 
up to 2000 m). On the south side of the Hlmaiayas it coincides with the 
mean annual isotherm of 0'5''C to — and on the Tibetan side with one of 
— 4'^C to — 5"C. The effect is also seen in the dimple in the latitude curve 
near the eqi,iator (see p, 9)—the minimum is c. 10'^ N* Lat-—and in the dis¬ 
continuous ice-cover of both to-day and the ice Age in northemmosl lands. 

Thus temperature and precipitation ^'ary' regrunally in importanceIn 
general, precipitation is dominant w^here it is heavy^ as in lower latitudes, 
eastern Alps, Caucasus, peripheral Asia^, and west America^ or if temperatures 
are low, as in north-west Greenland whose snowline is high because the pre¬ 
cipitation is unusually low. Temperature, on the other hand^ h supreme if 
the snowfall is light, as in the western Alps* central Spitsbergen, and central 
Asia, includmg the Russian Altai whose snowline is at 2500 m on the drier 
north and at 3000 m on the moistcr souths and in the Himalayas where the 
snow falls in the hot season^ the loss by ablation is large and the high, steep 
walls favour avalanches.^^ The oscillations of the firnline on Vatnajokull 
during 37 years were determined to the extent of 75^80% by precipitation 
and to the remaining 20^25% by ablation. 8® In Green I and the coast 
lands in the south and w'est are ice-free because the summer temperatures arc 
high> and in the north because the precipitation is slight (see p. 643): the 
optimum is in 75* N. Lat. 

Wind is a third factor*^ It nourishes glaciers in Lapland below the snow^- 
line,^i while elsewhere, when strongs it dislodges the light snow to lower and 
warmer levels where the snow melts orp in the cold polar regionst e.g* in 
Greenland, Norway and the Ural Mountains, builds "snow'drift glaciers*^ 
far below^ the general sno’iv hmiO^ In the Antarctic, w md$ arc the chief 
means^by w'hJch the snow is removed, exceeding possibly the glaciers them¬ 
selves^^: in summer, they cause ablation at the foot of the mountairis about 
Ross Barrier.^ Elsewhere they regulate the distribution of snow and 
onentalc the glaciers it is estimated tlmt c. 20,750 cu. m were swept over 
one Alpine pass in one winter {1935-^) '^ Strong winds, which blow the 
^ow^mto the sea, are forcing an extremely rapid retreat in Nowa Zcmlya.^^ 
On the even plateaux of north Greenland, e,g, on the northern coast of Peary 
Land and of Jameson Land, as well as on Bear Island and in places in Spits- 
bergen e g. Reindeer Valley, the Sierra Nevadas of California (including 
Mount Whimey the highest summit in continental United States), the South 
Jynencan Cordilleras, and in Kerguelen, they carrv the snow awav so tliat 
glaciers unable to form ,«9 unless sheltered by a wdLmatkcd topography. 
In east Greenl^d W slopes and plateaux are swept dean up to altitudes of 
1500 m. though the nican annual temperature is less than — is“C. Even 
glacier osctllatjons, as in north Greenland, are rekated to the winds.''* Morc- 
oiy, M Enquisttoi showed for Scandina^-ian and other mountains, snoisfielda 
and glaciers occur mainly in the lec where snow, in contrast to rain, tends to 
accumulate, a cont^t emphasised already by othersand established for 
various oountnes.w^ The difference in height of the snowline between sun and 
shadow sides is 2(^400 m m the .Mps'O^ and over 1000 m in the Pamim.'OS 
I he Mount of snow-dnft depends on the consistency of the snow and 
^ciaUy upon the vcloci^' of the wind. Drift begins if the wind force is 
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Types of snowline. Fiidng the anowline's precise position (Wahleni- 
berg's tenninus mvalis) is made difficult not only by die sun and shadow but 
by irregularities in the mountain flanks. Instead of a straight line parting 
continuous snow above from bare rock beloWi the upper zone has steep or 
vertical faces free from snow and the zone below has snoiv-filled hollow's of 
various sizes* The line joining the lowest edges of the perennial snoTiV 
patches in the regio submvalis is RatEers^®^ "orograpliic snowline” (WahJen- 
berg's letmifttis mbniv£ftis) : avalanches which de^^^md still lower (avalanche 
glaciers^ facing norths may be wholly below the snowline) and snow' patches 
at the foot of screes are ignored in determining it.*®^ 

Snow ntsdes below the snowline in sheltered ravines, clefts or chasms h 
in the angle at the confluence of vaJlej^s, in gullies notching cirque wallsj and 
at the head and foot of screes* These of Charpentier and the 

brothers Schlagintweit constitute Ratzers FiniJIaehenlmid^fka/t and are 
bounded below by his If the relief is suitable they may 

fall into a double zone, as in parts of the Limestone 

The climatic or regional snowline, defined by some as the mean snowline 
on the shadier side of ntountains. is generally regarded^^^ (in approximate 
accord with Wahlenberg's original definition) as the snowline on horizontal 
or neutral Surfaces which are not interfered with orographically or influenced 
by sun or shade, wind or lec^ or wet or dry sides. This surface, being ideal 
or theoretical, is mostly indirectly ascertainable. The simpler the relief and 
the narrower the zone of detached snow patches, the closer do the orographic 
and climatic snowlines converge* 

Enquist^s (glaciation limit), the Lncllncd plane which 

parts all summits that nourish glaciers, from those that do not, is generally 
parallel with the climatic snowline but about loo m higher. E- Briicknerii^ 
regarded the two as identical but H. W:son Ahlmann^^^ deems them to be 
separate and calls the lines Joining places where the glaciation limit is at the 
same altitude isQglacifiypses. He has made such a map for modern Iceland 
and show n that the smallest value is 700 m and the highest, viz. 1400 m, is at 
the extremely arid centre. Somewhat similar b the Schtieegrenzjfdrhe of 
H. Louis,* ^7 defined by him as the plane which, continued over mtervening 
stretches in the air, w'ould have glaciers above it if the land projected high 
enough t Louis constructed thb plane for westeni U.S.A. 

The difficulty of locating the snowline on mountain sides, w^hieh caused 
J. Paycr^^® to deny its very existence, led to substitute for it the 

firnline on glaciers, this in his opinion being more definite and constant and 
independent of the slope and of the type of rock and vegetation. Hugi's 
suggestion was subsequently adoptedand is acted upon to-day* Tcet the 
fimline \'aries from year to year, from month to month and from glacier to 
glacier.Its course is seldom straight and depends on a glacier s orienta¬ 
tion. On north-^south glaciers like the Alctsch it runs roughly horizontally 
and transversely; on east-^w'est glaciers, e.g. the Lower Aar Glacier, it is much 
higher on the northern side w'hich is exposed to the sun's rays — on one Jamt- 
land glacier the difference was 170 m* 

'I’he neve-line is lower than the snowline on adjacent rockssince the 
conductivity and slope are different* Glaciers likewise cool contiguous rock- 
surfaces and raise the percentage of precipitation which falls as $now while 
the cold winds or aerial cascadesi of varying but shallow depth, which blow 
down them^^ depress the fimline as de Saussure^^"* noticed in the Alps and 
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von Buch’^ in Norway. In the Ortlcr group, the depression is 40 m,i 26 iti 
the Oetztal group 200 in Spitsbergen above this figure.*^ 


Determination. Several methods, all indirect and practically in¬ 
applicable to any but cirque and valley glaciers, have been adopted to fix the 
snowline. One of the earliest, Hdfer’s method ,129 which I'. Simony and 
J. Partsch had already usedassumes that the snowline is the arithmetical 
mean between the altitude of the glacier snout and the average height of the 
crest above the fim. I’his method, which has for a corollary that the depres¬ 
sion of the snowline at a recent stage is half the altitude between the glacier- 
end now and at the stage tn question,! is inaccurate since there is no such 
simple relationship. On the contrary, a glacier's descent depends upon the 
size of its firn basin, its aspect and snowfall, the build of its bed, and the 
amount of its debris-cover *22 — vertical intenal between the snowline 
and the snout in the present .Alps is often 1500-2000 m.!^^ The method, 
moreover, ignores the glacier's shape and Is othenvise unsatisfactory,!^ It 
may only be applied to small glaciers or to those which slope uniformly, e,g, 
the A'emagtfcmer, or those in w'hich the upper concave part roughly equals 
the lower convex part, as on the PasteraefemerJ^s 


The Partsch or “summit method**, suggested by de Saussure and 
Simony!^ and afterwards used for Pleistocene snowlines,assigns limiting 
and ridges which nourish glaciers or neves give an upper onOj 
neighbouring surnmits without such accumubtiona give a lower one. Its 
results are good if many observations are available. While it depends less 
upon Orography than do other methods!^® it is inapplicable to summits which 
project far above the snowline, and is difficult to apply to plateaux, 

Bruckner's hypsometric mcthud,i 39 based upon observations in the Ilohe 
lauem, aims not so much at ascertaining the snow line of Individual glaciers 
as that of a whole region. Briickner measured the snow- and ice-00vered 
area of a mountain group, subtracted one-quarter for the glacier tongues, and 
computed the altitude layer which equalled this in area. The method, which 
requires a planimcter, assumes therefore that the ratio of firn to tongue is v t 
But the actual ratio often departs widely from thisUl!; in the Alps it is between 
1 5 - * 7 ’ 5 ' * (average 3:1) and during the Pleistocene was belween ism 

and 3:1 and m the iedere 'raucm and Gurktal ^\lps varied between less than 

A w e 3 ! * In the eastern Alps, it is nearly 4: i, in the Oetztal 

pd Ilohe lauem 3-8:1 (see below). On Mount Hood and Mount Adams 
n the Cascade Range again it differs materially, being 113, possibly because 
thc.yongi.es are vep- broad.l 42 The fim is also relatively brge in'the wide. 

1 ^ lauem sometimes almost coincides with the 

T *1" J^anAoram Mountains on the other hand the tongues 
L- £ “"’f‘ “P because surface debris is abundanti^s 

Quite therefore 

?W difhcult to apply to modem glaciers and even more to 

ancestors Like the previous methods, it exaggerates the 
S nlhe fi""r recognised, since thTsnow-frce 

ceS^hi ^ calculation. Rjchterl« sug- 

Kuro.^’, of „hich BrQ,:tac,Ms g,™ a mahc™,ic,l pn*,f. 
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was foufid-ed on investigations in the Finstersarhorn group. It assumes that 
precipitation and melting are linear functions of altitude, the one inctcasing, 
the other decreasing regularly with this: where they are in equilibrium is the 
glacier's tme mean attitude or hmllne. Applied to a single glacier, it gives 
the orographic snow line, applied to a group of glaciers of difFeriog aspects, 
the climatic snowline. This method, though not without its blemishes, 
has been found reliable. H. F. Reid^^^^ froiti considerations of lines of 
flow^ showed tliat although it strictly applied only to glaciers in equilibrjum^ 
the error was vt^ry small if these were not var}dng much ; Kurow^ki estimated 
the error in the Alps at onJy 20-50 m- The method gives higher 
values than other methods since precipitation and ablation do not vary as 
regularly as Kurowski supposed: that this is so has been shown in the 
Caucasus and French Alps,^^^ especially if allowance is not made for the 
snow-free margins in fim basins. Like Bruckner's methodt it can only be 
employed with good contour maps. It is inapplicable to Pleistocene glaciers 
unless these had a dehnite erratic limit". Circumventing this difficulty by 
substituting for the glader-surface the drainage basin within the outer 
morainehas given a method that has proved satisfactory in north Switzer¬ 
land,^^ except perhaps in iiialley^s w^hich have a \nery small fall. 

Probably one of the best methods, though it is neither very' accurate nor 
available for glaciers of the Ite Age, is Hugi's morphological methodJ^^ -phis 
is founded upon the difference in the contourshape in the fim and tongue, 
a difference early recognised in Spitsbergen and in Norway. While the 
contours bend sharply where the convex tongue meets the valley sides, they 
are concave in the fim and pass w'ithout a break to the bounding walls because 
the snow acciimuLates along the base of the cLtfFa which reflect and radiate 
little heat. The transition is the fim line. The method seems obviously cor¬ 
rect and is found to hold e.g. in the massif des Grandes-Rousse, Savoy 
Alps and Novaya Zemlyas but i$ disputed for Jotunhelm.^^® 

Certain well-known relationships provide auxiliary aids. The floors of the 
lowest cirquea In a mountain group are about the level of the local snow'line ^^® 
{see p. agb) wiiile the bergsehrund lies above, dirt-bands and surface moraines 
bclow^ it. The last relationship, whose soundness Finsterwalder theoretically 
demonstrated (see pp. 121,41 [)«has often been employed (e*g* in the Alps, 
Savoy, Hohe Tatra, and Sierra da Estrela, Portugal)~the “fim moraines^* 
have no generic connexion with either true inner or surface moraines. 
Finally the lines of flow are emergent in the tongue, immergent in the fim, 
and tangential at the fimbne.^^^ 

The snowline^s altitude on plateau or contineiital giaders U lesa readily 
obtained. It may be fixed by ascertaining the altitude of the marginal 
moraines, the snow'-free areas on the glacier and the rocky suriaces, or the 
relationship of the surface snow to the ioc beloWp^^^ as got by profiles dug in 
the glacier^ e.g. in Greenland, Iceland, Spitsbergen and North-East Land: 
above the snotvline the one grades into the other but in the ablation zone there 
is a sharp break. 

Data. Since Humboldt first ^thered together the data of the snow^- 
line's altitude, a Misl mass of material has been collected which Paschinger^^^ 
sifted and summarised. Unfortunately * the older determinations are often 
unreliable and inacenrrate and the methods employed are rarely stated. 
Seasonal and yearly fluctuations were usually neglected. The formerp 
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though noted by Venttz as early as 1821, have only recently been thoroughly 
investigated,as in the Swiss Alps and the Jura Mountains. Their im¬ 
portance may be gauged from data for the Inn valley w'here the snowline in 
Dcccmbcr-January lay at 600-700 m and in August-^piember at more than 
3000 m, and from the corresponding ones of 725 m (March) and 2397 m 
(September) in the Santis and of 2500 m and 2S00 m for the Rhone Glacier, 
The seasonal variation on a glacier of low gradient may be several kilo- 



metres.l«a Hence obsen-ations must be spread over many years to get the 
average albtude, which in the most favourable circumstances can only be 
expressed m whole numbers and not within 50 It is therefore hazardous 
to ^ume vertical crus^ movements from local discrepancies in the height 
of the Pleistocene snowline, as has been done in the Balkans. ive 
The Alpine siiowline has been studied by many workers.^ including 
Richter(eastemA^^) Jegerlelmer (Switzerland), Kurow’skl (Finsteraarhom 
^oup), R. Zeller (Tnft region), Paschmger (French Alps), and M Fritsch 

}w ‘kT™ Mediterranean region is shown 

in fig. 7, In the Alps it is highest on Gran Panidiso (3350 m) and sinks 
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rapidly wstivards (Mont Clanc group, aSoo m), but less rapidly northwards 
to Monte Rosa (3200 m) and Santis (2504 m). 

The Norivegian snowlinei^i (fig. examined by A. M. Hansenand 
G* Holmsenl'?® and more fully by Alilmann,!^^ reaches its highest point just 
south of Dovrefjeld and lies on Svartisen at 800-1100 m, on Folgcfunn at 
1450-151x1 m or 1300-1400 m, on Jostedalsbrae at 1500-1600 m, and on 
Jotunfjeld at 1900 m. It falls to below looo m in the Lofoten Islands and to 
below 800 m in parts of Finnmark. 

The altitude in the Sierra Neeada 15 3200 Elsewhere in Europe it 

is above the highest summits: in the Riesengebirge and RTaeIr Forest it may 
be at 2100-2200 Ben Nevis, Bracriach and Ben Macd’hui in Scotland 

escape glaciation by a narrow margin, for the orographic snowline was 
probably above Ben Nevis at 1450-1500 ra betw een 1884 and 1903 (see p. 646J 
where the summer temperature may be 3’6'^C: a fall of in the average 
temperature would initiate "infant” glaciers. Snotv-banks,!*! almost per¬ 
manent, nestle on the north-east face of the mountain (they disappeared in 
‘ 9 J 3 t 1935 ^ 94 S) aiit* ^ gullies on Braeriaeh and Ben Macd^hui in the 

Cairngorm Mountains (they disappeared in September 1933 after persisting, 
it is believed, since before 1864). These "outliers ” of the climatic snow lines 
are due to drifting snows, helped liberally by avalanches from cornice. 
Less perrnanent snows He in Y Ffos Ddyfn near tlie summit ofCamcdd 
Llewelyn in WalesSimilar small ocKUT On Feldberg hi the Black 
Forest,!*^ in the south Carpathians,l 3 ^ in the eastern Alps,l ®5 in Gran Sasso 
(3914 m; 42“2S' N.), central Apennines, 186 [fj the Corral di Veleta, Sierra 
Nevada, 1*7 in Corsica (W. Hey brock, 1954) and with 12 or more miniature 
glaciers in eastward-facing cirques at altitudes of up to 1S85 m in the north 
Urals In 64“ 4 o'- 65" 40' N. I..at.i88 in the mountains about the North 
Atlantic with a maritime climate tlie snowline probably lies at least 450 m 
higher than the exceptiona] shelfered snow-patches. 

The Caucasian ^nowlinCp^^ recently examined by several invesugators^i^^ 
lies on southern slopes, in the west at 2-00 ni, in the east at 3250 and 
farther cast at 3700 m ; and on northern slopes 300'-40o m higher* The 
height is about 3500 m in north-west Persia and in Anatclia^^^: a rcceitt 
map of H. Louisshows the snowline of Asia Minor rising in cooc^sntric 
ovals from c* 2400 m to a maximum of 2800 m or even 3700 m in the moun¬ 
tains (Ala Dag) nortl^ of Adana. The altitude in central Tien^han^®^ (4°*“ 
46° N.) IS 3450-4000 m or 3S00 m on the north and 4200 m on the south, in 
east Tienshan^®^ 3652 m on the norti^ and 3937 m on the soutli, and in west 
Tienshan*®^ varies between 3500 m and 3900 m. In the Altai 
50® Nh) it is 2000-4000 m and in the Himalayas^®® is 4270 m in the east and 
5S00 m in the west and ir, 915 m higher on the Tibetan side. In the Kara¬ 
koram Mountains and west Himalayas^*^ it runs between 4^250 m and 6250 m, 
in the Pamirs^'^^ at 4000 m in the ^vest and 3200 m in the cast, and 111 Kuen- 
Iun 2&2 at ^000 m (cf. G. Dainelli’s mapof Karakoram-IiimalayaJi snow¬ 
line), In Japan,-^ it is slightly above the highest summits. 

The snowline on the isolated peaks of equatorial Africa is at 7623 m^^ 
and as on other tropical peaks is considerably lower on the western than 
on the eastern side.^^ 

Arctic conditions are more complicated ^he frozen ground, cold and warm 
currents, and drift-ice (notably in coastal Greenland and Franx Josef Land) 
introduce modifications.^^ *Thc snowline is everywhere above seia-leveh 
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UoBtacih™*« {in hundreds of tnetrcsj in ihe innd* 
AT^und the North AtlaiiEic Omia. H. W: ioii Ahlrtnuin^ p. 46^ fig, j 


except orographically in 3 few places in Greenland. z<>B Around the Nom egian 
^ It nscs concentrically with the coast into the sinrounding lands a»/fie k\ 
In Inland its dtiti^e is 400-1600 m (VatnajdkuU, 1050-1400 m* Hofs- 
jokull, 1300 m). On Bear Island,«I which has no ice-fie 4 or glaciers it is 
at le^l 180 m or even 550 m; in Spitsbergen,^)* 300,600or 1000m, dropping 
^pid y L^hv-ards ^ ^.»S« m in North-East Land and to c. 100 m in V\Tiitf 
Island, to lower still in Victoria Island, and to below 70 m in northern 

Jan May^ 2 l 3 jt is at r. 7C0 m. in Novaya Zemlya*)'* 
at 450-^90 tn and in Franz Josef Land at loo-i jo m *)s ^ ^ 

The altitude is uncertain tn Greenland,*)6 whose Mcumuliti™ .. 

of .he wW. !ce..hee.^«; i„ W ™ itTb^ kS:” 
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it b 700-800 m in 69''N. Lat*, and 860 m on Nugssuaq Peninsula, but 
generally between 64' and 73“ ia c. 1400 ra, [n south Greenland it is 700- 
900 m and 300-350 m only near Cape York, where southerly winds cany the 
snow on to the unprotected coastal strip and incidentally keep the North 
Water perm^ently open (see p, 192). On the north coast in Peary Ijand, 
where the climate is continental [January mean temperature — jz^C, July 
mean temperature 6®C and annual precipitation 114 mm), it is at 1250 m and 
in the east at 900-1200 m or e^Ttn 1500 m or 2000 m, 

W’hilc its height is relatively low near the coasts and on the adjacent islands 
(in east Labrador it is lower still 210), it rises rapidly inland^i^ to 700-800 m 
at the edge of the ice-sheet and to 1450-1530 m in the interior. 

The North American snowline 22 ® (see p. 93) falls generally northwards' 
it is at 12,0^ ft (c. 3700 m) in the High Sierra and at 2000 ft (c. 610 m) in' 
Mount St. Elias, Alaska, but rises again by 4000 ft (c, 1320 m) In So miles 
(r. 130 km) to reach 8ooo-to,ooo ft (2440-3050 m) in the Aleutian Mountains, 
In northern Ellesmere Land it is at 3400 ft (1036 m), in Baffin Land at 
5100 ft (1555 m). 

The data amassed by R. Hauthal, H. Meyer, W^ Sievers and others for 
South America have been examined by Ratzcl^zi and by G. Schwarz222 ^vho 
drew a profile of the snowline from South America to Mexico. The follow'- 
ing table shows its course through the latitudes: 


iMiitude 

Ailitudi 

Latitude 

AStitadt 

io“ N, 

470a m 


3550 m 

S. 

49C0 m 

36^ s. 

2-&00 m 


6000 m (W.) 

41'*' s* 

I56^i7c» m 


3400 m (E,) 

43’’a 

m 

Sr 

6300 in 

53" s. 

iicM m 

30 *- 3 a* S, 


54" S. 

Q50 m 


It is highest between 16* and 18° S .,223 is at 1000 m in 47® S, Lat., and 
leaves South America at 500 m 224 : the greater glacierisatton changes from the 
east to the west side of the Andes in 38° S. l,at. 225 By con trast, no Austral ian 
mountain attains the snowline. 

The Antarctic snowline runs at or below sea-level226 and outside the coast; 
for on Ross Barrier and in Queen Mary Land, Graham Land and other places 
along the continental margin the snowfall exceeds the loss by tvind, melting 
and evaporation and (contrary to other Opinion 222) the land is above the zone 
of ablation 22<t equilibrium is maintained by the snow broom and by calving. 
The ice is covered with mSvt to its termination; a zone of melting is lacking; 
and dust-wells occur on horizons at different depths.229 The alimentation of 
the pack-ice surrounding the continent is further proof. Nevertheless, just 
as in the Arctic, there are departures from the general rule. The orographic 
snowline, as ice-free areas and surface-moraines show', lies exceptionally 
above sea-levcl,2M' as near Gaussberg, near Cape Adare, in Graham Land, 
and in West Antarctica, where the action of the wind, the relief, or the nature 
of the rocks are unfavourable to the accumulation of snow. Rain is only 
known in Graham Land w'here the land projects farthest north. 

The contrast between the Arctic and tlic Antarctic is very striking. In 
Patagonia and New' Zealand, the glaciers are larger than in similar latitudes 
in the northern hemisphere: Franz Josef Glacier reaches to about 215 m above 
sca-level in 43“ S, Lat. Kerguelen is glacierised in 50® S. Lat., corre¬ 
sponding to southernmost England in the northern hemisphere, and glaciers 
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(p^ S.), South Georgia (54’ S.) and Bouvet 
Island (54 26 S.). 1 he area above the snowline in the Antarctic ia probably 
^21 mjllion sq. I™, m the Arctic only 800,000 sq, km, 23 l while the im of the 
southern hemisphere has an area of 13 million sq. km and a volume of 

22 18 cu. km, the corresponding fibres m the northern hemisphere being 
2'I million sq. km and 27 cu. ^ ® 

rUthough the snowline occasionally coincides with the sea-leveJ in the 
^tarctic IS ^ds,Zi 3 e.g in Heard Island and the South Orkneys, it is 
gener^y well above that level as will he gathered from its various altitudes- 
^uth Geo^ia, 300-650 m; Kerguelen, 600 m; l^ossession Island, 700-S00 m- 
rierra del Fuego, 1050 m; Cro2et Island, 1000 m; and Bouvet, about 200 m,’ 

representative hut seemingly unrelated, 
conform on analysis to a fov simple laws. According to the first, the snow- 
Ime dechnes from the tropi^ to the poles (fig. 6), as Bgugucr^^s recognised 
gradient being steeper m the southern hemisphere; in New Guinea tlie 
snowline is at 4650 m, m the North Island of New Zealand about 2400 m imd 
at the southern extremity of the South Island c. iSio m It faJk 

IS lower than the tr«Imc of 1 lerra del Fuego, This behaviour is illustrated 
in Norivay^JB; 63 N., 1355 m; 66® N., 1245 m; 68*30' N., SSt m and bv 
the following figures for the Apennines ’ i > aid by 

M. Pi^tiirm CmaJi MHgfio 


39 S4 5 ' 
aooo m 


40 20' 
1^0 m 


4 rz 7 ^ 
r 750 “i 3 <» m 


M. Tfrntifitila 
442-" aS" 

1700-1750 m 


\L Piianino B«gua 

4 ^^ 44" 

13^^1400 m JDoq m 


The line is very high near the equator, as the figure of c-co m on Ifii; 
manjaro exemplifies^ao (ii. Meyer^l summarised tStropied data! sS 
glaciors occur m Amcnca on Sierra Nevada de Santa ^Vlarta r® Q' 

Nevada dd HuiS 

^ N.), Sierra Nevada de los Coconucos (2* N.), Quito (o*), Palmira (2^ S ^ 
ParamiO dc Almorzadcro and Piramo do SutnaDaz tn * " i 

on Ro^onzori (o* 2.' N.). MovT Konya 
^ (3-o-sl; and in Nat Goint^ „r>4£ Mto S 

P^«re where the precipitation is least and the 

related to zone of maximum precipitation (sec p 654) 

hir LJZd^ in middle and 

but less steeply in lower latitudes™?beca^« 
the precipitation, cloudiness and humidity dimin;<ih tt,» J„ because 

tures rise into the cemtinenta] interiors-\he world’s hid!«t 
each of the aones, viz. at 6500 m ^the wT/c® ? llJf *h 

™ 

2700-^ m and Peter tlic Great Mountain, TranaaJai atS™ ^‘‘“ 7 “* 
indivKktal mountain,, c.g. dte Pyre„oe.«T (neat, ajw Ja,,. 
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Caucasus-^ fth^e difference is f. lom m), Kurdistan,Russian . 41 tai 
Kuen-Jun and Karakoram ,^51 Pamirs 2 -'^ and West Tienshan,iS 3 Alaska 2^4 
^ America generally so that the only claciers in the 

Ranw^ o" Mountains, and the Brooks 

y p r evelopment of ice. The intensity of glaeierisation decreases 

pr^ressively on the Eurasian shclf-island groups. decreases 

or ilSeruT”’Tv" '* 'Tioiintain ranges 

fof tJie treeline Z 55 of the Alps, Tatra 
and Scandinavia (it was first shotvn by K. Kasthofen in 1822), and « readily 
m Alps (see fig, 7 p. j^y^in the Swiss Alps it is computed a? 
^^2?? in the eastern Alps is well shown in a map by R. v. Klebels- 

bcrg. 3 i 7 A like doming characterises Iceland259 (^oast, too m; interior 
S Caucus 2 » Hima]ayas, 26 i Greenland (see p. 17) 

and North Amencmi Cordilleras, and, as exemplified by the Caucasus 
pronoimced^in the widest and highest parts. The Scandinavian 
snowline rises m 62 N, Lat. from 1200 to 2200 m and in 6S° N Lat 

"" 

The cause of the doming is to be sought in the rise of the daily noon iso- 
mountains2«J and the decreased precipitation and increased 
insolation m the same direction, illustrated in the Alps and Scandinavia 
Isotherms, trcelma and snowlines are higher in extensive mountainous areas 
and on broad plateaux than on isolated summits which behave differcntlv 
regarding msolation, radiation, moisture, cloudiness and precipitation. Broad 
masses orographirally favour snow but climatically by their very existence 
elevate the snowline. In some cases, the orographic factor predominates 
^ m ^ce-covered Greenland, in other cases the climatic, as in the snow-free 


A ^rollary of this Mattefier/iebitiig, as Richter^*^ noted, is that we may not 
c^ailate the snowline s height above a given mountain which is now snow- 
rree, Since the imagined greater mass would necessarily thrust the snowline 
upwards, nor can we, as has been donc.^w use for this purpose the inten^al 
octween treeline and snowline. 


As Bouguer^T recognised, mountains if sufficiently high have besides their 
mtenor snowline a superior one crowned by snowless summits2^; for the 
precipitadon diminishes upwards from its ina.\imum (see p. 654), and 
absolute humidity diminishes and evaporation increases upwards too. The 
higher line is probably fairly low over arctic Asia and the Canadian Archi¬ 
pelago but, because of the condensation from clouds, may not actually exist 
wywhere, unless it encircles the higher nunatsks in the interior of the 
.Antarctic at about 3000 m.^^o including those of South Victoria Land 270 
Where glaciers are decaying from the head (sec p, 419). It is apparently 
acking m the heart of Greenland, 27 i though the evaporation here amounts 
5'5 cm/annum .272 jjjjy occur in Cerro di Boneto, Boljvia, 27 i and 
probably did so in the centre of the ice-sheets and below' the Caucasian sum- 
niitg during the Pleistocene. 


Avala nebes. Snow' is prevented from accumulating indefi ni cely above the 

snowline by w'ind and evaporation (which may exceed 20% of the total 27 iv 
by the slow* draining away of glaciers, and by the catastrophic form of 
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ire-movement or avalanches which hurtle down from the walla fad vaiiem}. 
rhm, by remoii'ing up to onc-temh or one-quarter,2^6 largely contribute to 
repllXd%"*^'‘' glaciers: some glaciers are entirely so 

Avalanches have been ^ustivcly studied ,278 including their occurrence, 
origin and ciassifiretion, the damage they' do. and their forms, paths and kind 
of movement* The Schtife- und lamiitett/firK/ningfkomtnission, estab¬ 
lished m 1932, has made important contributions. 27 ^ 
intJiyidual avalanches range from 200 to ao.ooo cu. m, exceptionally to 2 

^ps (in Tjrol \orarlberg their annual number is 2000-1000, in the 

^ number, and 

Carpathians. Cautisus, 

Alaska, parts of the United States and New Zealand Ai[M, They play an 

Greenland on aceSum of 
'"’k *t" "^“'"titains tvith gentler slopes like the German 
Mtlj^lgebirgc, though they are not unknown herc^a^—they have been de- 
R'^ngebir^ 'ITiuringia Forest and Black Forest as w ell 
® from the French \osges *1 hey occur on slopes as low as 22“ or 14“ and 
often move through vertical distances of 1000 ro ^ 

Orund/aT<,nieR {acahitciiei rolantes and avahne/tes terrUret of the Pyrenees 2 ®^ 
terms first introduced into glacial literature from popular speech by J Simler 

^ on high mountain sides, especlallv if these face east or 

Hachschmt, A^s.2-s netge poudre^se) and accumulates to a Spth whkh 

P^fmeJbihSvr underlying surface (espreially the 

F^rmeabihtj) the character of any vegetation, the composition of the snow 

pd the weather conditions before and after its deposition^^^^the limits of 

Ind ''"H; bettveen 11" and 60*. In the ^rly winter, the ground 

bXra^dTJr^sT'^^^r’fl""’^ iinchorage though long grass and flattened 
brush and a crust or hard-frozen under-structure may facilitate movement 
A d^turbance may reuse a flight of the surface layers I that the " motXfri 
™^y**®* tbe underlying, heavier masses in motion to chisel count- 
ess charectcnstic furrows in the mantle of snow. Such " dust as^^fandire •' 
(Ger, iSteuA/flfWHen; Fr. avahtiches de pQussiire\ I cel. Sn§fiod$r\ fall at all 

but below it principally during the day 
(when the snow-flakes lose cohesion) and the coldest scions MtSL™ 
/rer^l ^ di Freddo or "cold" avdanches in the Tisi^XticuSn 
following hca\7 snowfalls. The slo^ Lid thieXss 
of the snow are detcrminantiw though the immediate cause maVbeleX™ 
of tem^rature, fallwinds (which begin at sunrise as exchange winds hetivem 

^ acoustic vibration occasioned bv a bird shout 
hv L ULr ^ Scheuchzer noticed), or a disturbance of the equiiibriuiSi 
y/ , s6rac, rock or tree, by the crossing of man or animals or 

9'^=‘rnfing. trains or earthquakes. The masses cr 4 sh 
with the sound of thunder and the blast of a tomado» 5 ^these are the TfS- 
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'" fr'^ntand suck ft m 

md them, the wmds may overtake the avalanche and traveUine far ahead 
may even cause additional avalanches on the opposite slope. Air is also 
pr^'d out from the underlying snow and from the avalanche itself when this 
IS arrested Avalanches may attain velocities of aoo or more miles (320 km) 

the tj'pe and volume of the snow and tlie 
s^mwthness and g^ient of the subnival surface. Friction reduces the speed 
of the lateral and bottom layers. ^ 

avalanches {Ger. Grundlateuien ; Fr. at>ala»(ftes de fond) differ from 
this type jn s^ei^ ways though numberless transitions link the nvo ^^8 just 

wind- or snow-slabs^W (Ger. Windblnt, 
Schneebrm.ht. plmidu), those snow deposits of winter which lie on wind- 

and'hv'^tr ^ p^iQktd by the riddling agcnc>' of moist wind 

water*vapour. These axe prone to fracture at 
Jon If ^ curve and slide along glide planes under the compul- 

sion of their otvn stre^ or if slightly overloaded by new snow, disturbed by 
li\mg creatures, or subject to temperature oscillations. ^ 

Ground avalanches carry with them quantities of soil and rock fsee 
f" Iname—the odours sometimes noticed in the neighbour¬ 
hood of a^Tilanehes may be caused by tlie frictional heating of rock matter 
containing traces of pyrites or vegetable raatter.^Oo They may take place in 
winter but arc mainly confined to the late spring or early summer (Jhalottga 
talda m T^m) and generally to the wannest part of the day (they become 
progressively later as the slopes face east, south or west 301 ) when the snow 
^«s quickly, as dunng the foehn. The melt-watera run off below 
the snow- 5 , undermine them and finally remove their support. At first, and 
K^cially if the path 13 smooth, the hca^y wet snow {Nasstclmeelaudnen) 
moves font ard by gliding along planes which may be associated with wet 
lajere in snow but later and when the path is uneven, by rollimr^OiZ; 
are Ratael s and RoiULasemen.^^ Often the front rolls fonvard and 

IVn rr® • g|'^ding masses arc invariably associated with big 
gumes (Fr. r/««,«; coulctnd oz>aland.^s; Ger. Lo^dnmirdg,) which control 
their course and speed They pursue definite and regular paths (not to be 
confused with th<^ thawing snows produce 3 <M) which frequently sweep 
through forests. Geological structure influences themes go tlmt they are 
usually dangerous on limestones and schists; porous rocks delay their action, 

regelation and made cavernous by 
melting, accumulate at tKc foot of declivities (p]. Is, 32).^ They assume 

many for™, depending upon the mode of fall, surface relief and natiire of the 
snow. I^ndkiu/te^ somewhat analogous to those behind cirque-glaciers (sec 
p. 45 ) ana formed by movement and melting, sometimes occur at their upper 
surf^ and shear-planes may also be seen.^o? Cones of several years may 
comhine in Dne locaJjt\*' and take yeara to mdt. 

Ground avalanches arc disastrous to forests, agricultural land, roads, rail¬ 
ways, wdgM and buildings, and are menacing to life: deaths from Alpine 
ava]^ches, 3 “S which were over lOo in 155^ in the eastern Swiss -Alps and over 
300 m 1720 m the whole of the Swiss Alpine region, arc roughly estimated at 
10,000 per century, though during World War IQ14-18 on the Austro-Italian 
pnt io,tw soldiers lost their liv-es in snow-slides in December 1916, in a 
Single 24-hour period, and the total casualities from avalanches on that front 
were 8c,ooo, Hence protective works and defences,such as terraces. 
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contour trenchiits, tows of heavy walb^ iuounds, pillars, roofs, tunnels, built 
up galleries, and afForestatioit ha%'c been widely undertaken: the>^ impede the 
progress of tJK- avalanche, weaken its force, or deflect it into less harmful 
channels. In other cases, villages, roads* railways, power and tekphone lines, 
etc. which are in exposed places are removed to safe positions. Where 
avalanche danger is cumulative, very satisfactory results have been accom¬ 
plished by explosions (hand placed or pre-planted) and by shooting dow'n 
avalanches in the early stages. In a winter sports area the skiers themselves 
prevent the build-up of dangerous av'alanche conditions by constant use of 
the slope. 

Ice-avalanches differ from the previous tj'pea since they fall from the ends 
of hanging glaciers, especially the steeper ones, at all seasons. The Biez, 
Bietroz and Glacier du Tour have furnished good examiplcSj^l^^^ and others 
have been reported from the Caucasus and other areas in recent years. 
They may be initated by an advancct by a ti&c of temperature, or by waters 
accumulating in a glacier.^^^ They range up to 4^ million or even 
million cu. and are indeed often so big that they possess ioe-caves w^ith 
emergent streams. The fallen masses may melt each summer or may awell 
the volume of a ^■^ley glacier that may be present below'. If regular and 
persistent in their occurrence, they may abo generate remank glaciers (see 
p. 91) or the type which in the Andes has been called ** avalanche glaciers **.^^'* 
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Chapter 11 

FORM AND STRUCTURE OF GLACIERS 

Neve Snow whicK &oinetim<r3 covers entire summits^ as in Ham¬ 

burg's “ convex sno^sflelds”, commonly nestles in hollow's* $uch as niches and 
joint cracks or big fim or neve basins. I'hese ser\'e as important reccptacks 
for the snows which falJ on their surface or sweep down in clouds or rv^l- 
lanches from the encircling heights. If such basins are generally wantingp 
as in Lapbnd and on plateaux in north Greenland, there is little firn despite 
the high altitude. Growth takes place also by direct fall of raiii« hail* all 
kinds of snow, mist and hoar-frost, the latter especially in countries with a 
maritime climate.* Its annual amount has been ascertained in reUti^^ely few^ 
places,^ as on the Hintereisferncr and Mont Blanc. Observations on Mount 
Rainier^ suggest that the basins receive more than the adjacent summits^ 

The basins are usually simple, as on the Rhone, Aar and Clamish glaciers 
in the Alps, or compound as on the Aletseh and Corner glaciers, Mcr de 
Glacep Pasterze and Hintercisfemer—the Tyrolese name /mrer for glacier 
derives from the word fim. Two or more glaciers occasionally flow' out of 
one basin as in the Hochjochfemer, Octajtah while rbcighbouring some¬ 
times spread across the cola on to plateaux (the ehamps d£ tieige of x^gassia). 

The n^ve, which is free from moraines* has generally a feeble and uniform 
slope, modified sometimes by waves due to flow,^ As revealed in crevasses 
and early recognisedp^ it is thick and more or less horizontally stratified, 
opaque and white bands alternating with darter ones. The white bands 
represent the winterns snowfall lessened by the summer's heat, while the 
brown or dark ones* enclose dust, rarely stones or rock-debris which frost 
loosened from the cliffs* [.eaves, conea, seeds and other organic reimins 
may be carried on to the glacier and concentrated during the summer melting. 
Material may also arrive from great distances. The layers are regular, unless 
they have been fed by avalanches or rendered discordant by uneven melting 
or by movements w'ithm the fim.^ The annual layer, which forms a broad 
wedge, thickest towards the bergsehrund and thinnest at the firnline, may be 
0-5-3*o m thick.® 

Banding also occurs in the fim because of the retentive capacity of snow 
stnee percolating waters tend to collect in the denser layers where they 
freeze.^ Melting and freezing may also cause the formation of ice-lenses 
and ice-glands, the former horizontal, the latter vertical, and cylindrical 
columns 10 (also called " pipes's " fim-pipes ") w hich become more numerous 
in depth- 

Few' modem figure^^^ are available of the fim_^s yearly increase, a prime 
factor in a glaeicr^s economy* though ^'arious methods of measuring it have 
been described,including gangea specially constructed and provided with 
shields. An efficient instniment is Mougin's snow^ gaugc*^ though none can 
measure the snowfall accurately because of drift. Notable exceptions among 
modem figures are those from the Rhone Glacier, \vhere a commission his 
fully investigated the ablation^ precipitation and neve increase since 1874,*“^ 
and certain glaciers in Iceland and Spitsbergen which H. W rson Ahlntann^^ 
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J^S Valn.j»luU, the incteese of elimente- 

Drecioiletion **/< ^ maximum of total 

p pi^tJGn exceeding 600 cm. TKe western half of the Greenland i«*- 

s eet atovc 120G m has an annual precipitation of c. 350 mm i* the ablation 
debasing from c. 10 /„ at the margin to nothing at the centre! 

(I’f 

rrlifhnd Ta"*'’' iTHerior of the ice-sheets of 

Eisgebirge^9 bn^tfter the^w"o?d*'yas called Eifberg or 

A.Heim20|iken?d1«;oanooVt;crocf^^^^^ ^ ^507- 

loosely attached, and separated by air spacM spheroidal, 

wards (in central Greenland thev f 

depth of 5-6 m2il beinrr fairlv P ^ ^e surface and i mm at a 

a tributary- fiVTis hurledlS?^ Ll J- ' ^ ''^ere 

edges, shortening and eliminating the 

hl«r th/o «.5^* ” S™4tr„; '• 

moment in Te Patagonia-this is of no 

probably significant on the oceanirSde?/the^P^^f Grcenlaiid2^ and was 
mists, chilled by the ice as in Rmirh r ™ Pleis^ene icc-shects^Sj by 
Spitsbergen ; by intense ^lar radiatinn Shetland Islands and 

tains of L tropics a^Jin the ^ *" 

tion 26 i.e. by the evaporation of the solid 'I Pressure; and by subhma- 
the edges of snow-flakes and it* *« ice into water-vapour, chiefly from 
liquid state, as on jotunheim and without passing through the 

hlere the fim retains a low temnerfr^^t^''"’ and Antarctica. 

summer and melts very slightly, iUt a] ratfh «=ven in 

bubbly — annual stratification is iinVn .’ ^ ^ the ice remains 

normal grain size at Eitmitte in Gri of the Antarctic and the 

factor of all is melting^ "'“f *■ 

of downward percolation in a fim rE™* water.27 The rate 

crystal size and density of the fi™ P^ods on the rate of water-supply, the 
bands. The latter maV T'^^T «>f ^e- 

move with a marked horizontal *<> 

flaws or thinner parts of the bandT^ Tn escape is found through 

compaction-settling may be more imAr>J climatic environment 

depths. Where melt-w^ter *1' "" 

luaboratory experiments dx ^ sole mechanism 3*. 

temperature and f most rap^dT^^^nttr f'""' increases with 
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be SO transfonned In a single day m the warmer air of the Alps and Norway. 
By contrast, the pnitJcles in the very cold Ross Barrier arc still angular and 
incompletely crystalline after two years.^ Incoherent snow occurs without 
melt horizons down to.], m in central Green land where the temperature very 
rarely reaches melting point and there is neither condensation nor evapora¬ 
tion. Measurements show^ that the density', which is much leas than in 
Spitsbergen, rises fairly rapidly to a depth of 7 m w'hcre the tinoompacted 
layers cease and the rate of Increase becomes Icss,^ On the Antarctic plateau 
south of 88® 25' Lat. soft snow has been penetrated to almost 2 m.^^ 
below this, as seismic methods prove (see p. 39), the density increases as does 
the clastic property- of the fim, 3 S though this may be 60-70 m deep, as in 
Greenland.^® 

Contact with glacier-, lake- or sea-iee largely facilitates granular growth.**® 
The change progres^ upwards from the junction. The ice grom at the 
expense of the overlying snow, though the determinants in the case of sea-ice 
arc the relatively high temperature of the upper surface and the quantity of 
salt caught up irt the crystals. 

Glacier ^ains and glacificBtion. Fim ice {gtace df nevd **') consists of 
rounded grains, rarely larger than z mm, with interstitial liner fillings and w-ith 
much imprisoned air which is irregularly and finely- distributed.*- It 
derives from the fim when percolating waters frccisc and passes into glacier 
(the change may take place without its intervention«) from which it 
differs since it possesses an ice-cement, lacks the system of communicating 
capillaries, and is only about two-thirds as dense.** 

The trillion from snow to n^ve and glacier-ice, i.e. from the "tesselate'’ 
nev^ (cquidimensional an d unsu tu red) to the sutured and inequignmutar ice,**^ 
is accompanied by a rise in density*^: 1 cu, m of snow weighs 85 kg, of fim- 
ice 500-600 kg, and of glacicr-ice 900-^60 kg. It has been followed*’ for 
example on Mont Blanc, where glacier-ice with a density of 0-86 and a grain 
diameter of 2 mm was found at a depth of 15 m, on the Tete Rousse, Mer de 
Glace, the Claridcnfirn and in the heart of Greenland, though here the depth 
of the change can be calculated by extrapolating the specific gravity curN-es 
(see below). In west Greenland, the density was 0-53 at a depth of 5 m.** 
On the Jungfrau,*® the physical properties at successive stages were as set out 
in the table below. 
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0’6-1'3 mm 

i’7& m 

&-690 

t 'O-a-D mm 

23-1.5 m 


Settled snow 
Eaxly fim 
Fim 

OcftKr fim. 


On the Sofuiblickp^o the density at 12-5 cm was 0-236 and at 187-5 

0795- 

The critical density' at which the intercommunicating air ceases to esist and 
the fim becomes ice between o*$2 and o^84.^1 
The increasing compactness results from the "metamorphism” or "dia- 
genesis " of the snow/^ i.e. the gradual growth, readjustment and closer pack¬ 
ing of the crystals and the expulsion of the entangied air^^ ; for while freshly 
fallen snow has up to 97% of air (the specific gravity is about o-i but may be 
as little as o-oi-0'05^)j the amount being less if the snow is w'ind-driveri,^^ 
the percentage is only 55 in Tyrolean neve,^^ 6 in the white ice-layers,^ and 
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2-5 111 the \%jndy Antarctic^B where in the interior the snow is in consequence 
usually hard and closely packed. TTie increasing compactness is home out 
too by the rise in the pollen densipf of the ice throughout its course 5 *^ 

This process of compacting is intimately connected with movement, i.c. 
with rotation and relative slip. When discontinuous, it causes a sudden 
collapse over considerable areas.«« as during sledging and skiing. The im¬ 
prisoned air escapes quietly or with a slight whistling or hissing, or with a 
duU thunderdike noise or crash«l (Gcr, Firasloss), as on Ross Barrier and in 
Greenland where the noise and ‘‘snow tremor" startle cskimo dogs and 
^ni^. The depth of the fim, which has a stratification determinable bv 
density changes, has been ascertained in Greenland by seismic methods (sec 
p- 39 ) 3 ^“ 35 ^ ^ from the ice-margin.^^ 

1 lie air is held in the ice a$ bubbles, more or less drawn out in the direction 
^flowand under pressure (" parallel" or “ fiuidal ” texture of A, Hamberg 
This amounts to lo atmospheres 7 5 m down in the cold ice of Greenland « 
and causes jcel^rp to burst asunder and crumble suddenly into innumerable 
fragments. It is released on warm days and from the walls at the opening 
of crevasses and when blue bands are forming, as well as bv meit-water, bv 
liquefaction and subsequent regelation, and by the expansion which ac^ 
companies freezing It would seem that there is no mechanism for clinii- 
nabng the air bubbles from gkcier-ice. except in narrow bands which become 
Clear of air by soalong m water at the neve stage,^^ 

Glacier-grams :ue a vital factor in ice-motion which is associated with the 
mechanism of their gromh (see eh. V). Their Investigation constitutes the 

® studies since the labours of Agassiz, Forbes 
^d fyndal in the fourth and fifth decades of the last century. Much, 

of aS il! in the size and orientation 

!' } ^ ^liitnhution and elimination of air-bubbles, and in 

the physical chemistry of the liquid phase associated with the bubbles and 
the ^nular jnargins. 

reconstructed and ice-foot glaciers,® is * 
Ploucquet and Hugi w!re the first to 
note.™ 1 he grams are curbed polyhedra, tightly interlAed.^i and are of 
irrL^br size and shape and lack any crystallographic order(fig g) The 

by using a day and absorbent paper .74 or bv a formvar replica tecLique « 

light, by Tyndall s melt-figures (see p. 58 ), by Ford’s strioes fsec n ca\ 
and by expenments.77 though the\urfac4 ire not enstrS^'^^s S 

^ he 7''‘ P- 3 «. Wrr.r,a 

0%S. 

gp^ins grow bigger towards a glacier's edge^ snout and base ^ those at 

** '"S" ’’“T" I"'" «po«d t““ily ^ 

,n .«c.» compounJElacicnM Th. m.,„ u di.n.mr 


<;lacijer grains and glaciftcation 31 


is i'4% in the AJps.^^ The grain-diameters here range up tG 7-6 cm, 
in Spitsbergen to 10^2 cnip in Grinnell Land up to 3*8 cm, in Creenl^md 
to the size of small peas, hazel Dut3, walnuts dt pears, in the Canadian 
Rocky Mountains to 7 6 cm, in Franz Josef Land to 1-5 cm and at Cape 
Adare, Antarctica, to O’75-1-5 cm. The mean in the Antarctic has been 
judged to be 0-2 cm.^^ Recent obscni^tions suggest that under certain con¬ 
ditions they arc surprisingly small, depending possibly upon the inclination 
of the glacicT-bed®*: rapid movement keeps the grains small.®^ 





WTule tlie transformation from 
snow crystals, the germs of 
glacier-grains, to glacier-ice 
styl e d *' g laci fi cation * * by 
Agassiz^ or ** firnification ” by 
Seligman,^^ may be taken for 
granted (T. Vidalin noted it as 
early as 1695), exactly how it is 
accomplished has rarely been 
observed^^ or experimented 
upon.^^ Consequently it is only 
i mperfcctly u nderstood: the 
driving down of the stratifi¬ 
cation and streamlines in the firn 
and their rising about the fimline 
(see p, 119) explain why the grains 
fashioned in the depth of the fim 
emerge as completed coarse 
grains without an observable 
iransition.^^ 

Snow and neve change into ice 
with remarkable uniformity at a 
density of between o Sa and 0^84 
by losing the distinctive cement 
and by developing a capillary 
net. The grains crowd together 
and become homogeneous and 
transparent. That this may take 
place at a shallow depth is 
proved, for example, in tunnels 
through the nevfe and glaciers in 
the Tyrolese Alps^^ and on Mont Blanc where transparent granules were 
encountered only 4 m down*^ In central Norway the depth 3-5 

Ordinary snow is con^-erted into fim snow by settling and packing 
the transfer of water from small cry stals and pointed pai^ of crystal flake? 
to the larger particles* he process, which involves a reduction of the total 
volume, is one of change from highly branched cij-stoU to much more 

nearly approaching the spherical shape. It is facilitated byjind^a which 
apart from its fluctuating pressures causes a constant breathing of air in 
and out of the snow to a depth ptssibly of many metres, as in Ross Barrier, 
and, cspeciallv if the air is moist, a transference of water-\apour. ^ 

A laree pefeentage of the fim crystals near the surface of the nev-e have 
their horia^tal ax4 at right angles to the surface of the glacier, i.e. parallel 


Fjc^ —Glacscr-Btflitl? from the mlBnd tee flt Eqe, 
Wm Groenlflnd. M. 0 oy^ and A. Cailfciw, 
y. Gf- I9S4p P‘ 3^5p fiff’ 2’ 
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to the direction of the temperature gradient.^ This initial orientation is 
destroyed in depth* e.g. at ^3 by the gkcier's differential flow which cau&es 
a redistribution* though it b retained in the ice-bands in which dense packing 
prevents independent movement. 

Further change is brought about by percolation and infiltration (Ford's 
thermal theory’*). This is only true of the outermost layers {Verdichiuffgs- 
because percolation is only possible for short distances in cxild glacier- 
ice and b controlled by the impervious ke-bands—pollen infiltration from 
the higher layers does not take place. it k affected too by new layers 
accreting around grains which themselves undergo no change!^ (ForeFs 
"mechanical theory”) and by larger grains growing at the expenseof the 
cement and of strained grains (as in the case of metals) and* as experiments 
confirm, of the smaller grains which finally disappear—they long escaped 
detection.^ 0 ^ The process is aided at the surface by evaporation and con¬ 
densation (sublimation!)* by rain and melt-watery, and in depth by plastic 
flow and by liquefaction at points of contact and by subsequent refreezing at 
poinls of tension. The sm^ler grains are eliminated by molecular transpira¬ 
tion across the films and the higher vapour pressure'®^ and curvature of the 
surfaces,^ the water-vapour being transformed from the smaller to the larger 
surfaces, and possibly by granules disintegrating into their constituent piate^ 
w*hich constantly reunite.^ The importance of radiation (heat and light) 
and of time is suggested by the large grain siz^ in dead ice.^*- 

Thc rever^ of this process under severe strain,^^^ as w^hen ice encounters 
obstacles or is sheared and large grains break down into smaller ones^ may 
explain the limiting size attained by the grains {see above) which was in¬ 
ferred from observations in Greenland. 

Heim^^^ thought only granules In parallel crystallographic orientation 
united^ Parallelism between the principal axes and the directiuu of pressure 
has been repeatedly affiTtnedJ^^ especially for the basal layers and the snout 
where shearing b most marked. For instance, the grains in Greenland are 
flatter and parallel with the floor and sides of the glaciersand in some 
Norw^egian glaciers have their ForeFs stripes (see p. 58) in the shear planes 
of the snouts.^Certain Alpine tongues show^ a granular orientation or a 
general tendency for cry'stals to Lie with the basal planes parallel to the planes 
of shear. Laboratory experiments confirm the arrangement of the cry^stols 
when subject to stressJ^ Even the grains in the fim may be orientated in 
some degree by downward growth Adjacent grains showing a parallelism 
of their ForcFs stripes have been thought to have been broken down from one 
^ain It is, howeveTj contended that there is little or no preferred orienta- 

and, if present* it i$ coo rare to explain granular growth. But, as 
G. Tommann has shown, a first requirement of such grow'th is that the 
separating^ layers of salt solution become so thin that the grains come into 
Contact with one another and that the surfaces in contact are ciy'staJlo- 
graphically equivalent. Growth takes place especially in the deeper parts, 
glacier movernent being an essentia] condition: the greater velocity^ the 
quicker the growth.^ Crystals whose orientation allows them to yield to 
shearing forces by gliding along basal planes are subject to smaller stress than 
other crystals and having less free energy grow by transferring molecules 
across their boundaries. 

The importance of pressure in granular growth w'as early recognised. 
ll is proved experimentally,^^ as vvell as by the large grains which occur 
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where the pmsure fluctuate*,by sections through avalanches ,^27 and bv 
into glacier- ice of snow which fa] Is into creva^es. *74 ** Glacifi- 
cation** by **dry union*' wdl below freezing pointis confinnatory. 

Obscn-ationsis® in Spitsbergen, west Greenland and Franj! Josef Land 
show that higher pressures are needed in the cold Arctic to convert ii6ve into 
glacier-ice. Hence many arctic glaciers, as early noticed,m are not thoroughly 
consolidated but exist as fim-ice or " undeveloped glaciers’’(^/orierr imparl 
In the Antarctic, where tcmperattires are constantly low and 
variations few, much of the surface consists of frozen fim and the grains 
do not grow or remain smaUJ J^ The ice is less dense and blue than in the 
Alps, IS porous and penetrated by countless air.bubblcs,i 5 ^ and is possibly 
more plastic^® (cf. p, 48), This slow growth explains too the relatively small 
grains of polar glaciers despite their greater lengths. 

Hence infiltration is important in the neviS but glacification is mainly ac¬ 
complished by pressure melting, large grains growing bv eliminating the 
Cement and smaJler grains. 

WTiile crystallisation in temperate glaciers with large ablation is rapid 
^d converts the fim mto ice at slight dcptlis, the bound^ between the two 
^ing sliaip, subpolar glaciers consist in their higher parts of hard crystalline 
firn, formed by slowly rccrystallising the annual surplus of the accumulated 
solid precipitation that passes gradudly downwards into ice. In the polar 
type of Greenland and Antarctica, this transformation into fim is too deep to 
be observed, the firn having a temperature that is always negative and even 
in summer is so low that melting does not talte place and any change is 
primarily by sublimation. In Spitsbetgen, whose mean summer tempera¬ 
ture is about o C, the fim, proved to a depth of m,^^^ is probablv only 
about 20-30 in thick. ' 

Glaciers without firn. Active glaciers wit hout fim have occasionally bee n 
noted in the Alps '38 and the Arctic *39 an^ much more commonly in middle 
latitudes in Asiai-*** (Caucasus, Turkestan. Himalayas, Karakoram. Pamirs) 
where they may be exceptional or the rulej they are variouslv termed the 
"fim-basin"'’** {Fmtketfel), “Turkestan “'Bogdo-OIa’’W or "Mus 
tagh ’’ type. The Barnes Icc-cap on Baffin Island, w hich is c. 6000 sq. km 
in extent and appears to have an approximately balanced budget, has no fim ; 
P. p. Baird has proposed the name “Baffin-type’’ for such glaciers (see p. So) 
which lie below the snowline and have great residual cold, light precipitation 
and short cool summers and long cold winters. 

Fx^ptional melting of the fim during warm summers explains this peculiar 
type in the Arctic. Elsewhere, the high, steep rock-walls produced by drastic 
preglacial rejuvenation cause the glaciers to be fed tn the “regeneration 
region” (II, Ficker) by avalanches or hanging nev& in winter and spring, 
and by ice-avalanches at all seasons. They are, therefore, concave, lying 
partly or completely below the snowline *^3 and have been termed “avalanche 
glaciers ”.i<6 The Pleistocene glaciers in the Karwendclgebirge were 
apparentlyofthiskind.i'*^ 

Glacier tongue. The division of a glacier into fim basin and glacier 
tongue {gheier proprement dit of Agassiz*^), Sneebrae and hbrae of the Danes, 
w-as first made by Simler in t574*‘*^; W. Flaig'^t* has given a full account 
of the nomenclature and history of the earlier Gktstfmkunde. The two parts 
are readily recognisable froni a distance: the fim i$ white, concave and 

I 
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relatively broad; the tongue la blue, convex, narrow and long, though 
o(^iona]ly, as in the Ubergossene.^m.isi it may be much broader than long. 
Ihc nm IS the seat of accumulation ( Rendu's tongue of 

ablation and loss (Rendu’s glacier d'ccoulemetitf Reid’s " dissipator ** 1 *^). 

Ihc mean slope is usually less in the tongue than in the fim and is gcnerallv 
steeper the shorter ^e glacier; on the Aletsch it is 4% on the Mcr de Glace 
-Monte Rosa Glacier ic^ao®. In the AJns,li4 averages 

-30 , the I^er glaciers between 5-7*. Other figuresi 55 are as follows- 
Fedche^o a-8-3-a%^khiol io%,Chongm 11-4%. Sachen 8-3%, Bazhin 

^ Tm slope of the outlet glaciers 

of Antarctica IS as folimvs 56 : I home i in 66, Ecarctmore 1 in 90, Koettiitz 1 

m 40, Ferrar i m 45, Taylor 1 m 25, Macltay i in 25 and Drygalski r in 00 
The slope as a rule pts ever steeper towards the snout owing to increased 
ablation. Reveraed slopes with small lakes and backward flowing streams 
occur occasionally >57 fo, example, a glacier rises over a swell of S^Z 
against an obstacle. K"« “K 

Convexity. The tra^verse convexity, noticed bv Gruner,< 5 s is greatest 
in smal er glsciersW; jhe middle of the Alct^ch Glacier was in iSyf 60 m 
lugher than ^e sides.!™ radiation from the rock-walls Is the main 

glMiers suffer equally, and on east-west glaciers 16 i in the northern hemi- 
^ A* chiefly affected, as on the Aar and many Hima¬ 

layan and lur^oram gbciers, and south of the equator the northern flank. 
The convexity u most pronounced in the tropics and subtronics !62 -3 .t.^ 

sX “■*mP'-enJcm »tKe 

Aft added factor is the increased evaporation towards the axis which rat^M 
the temperature of the ice and lessens its rigidih- Thi= ,^!S 1 ■ 

of bendK, may rise shetr thmud^h ^cc-edge, cv-en on the convex sides 

tX"rScJS 

lessened, flniv Hup-irij-r tU -K- J maximum now^™ suid the 

hyd® MdLti7.r,lZTr''h' 

> r.l= Zl.r „ .urfr.=i“Z “Zh 

not too big to be protective, ^ ‘^teral moraines if these are 

Th. diving do™ of tho'simifiootioo and iioo of 
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nevi may partly explain the concavity of the fim while the ri$ing of ihe 
stmtjficiitiori and line of maximum Row in the tongue may be partly respons¬ 
ible for the tongue's convexity. 

Yet glaciers may be flat or even concave if they are replenished along 
their sides (see p,33 ) or their lateral moraines afford exceptional cover (this 
may be on one side only as on the Veraagtferner). Glaciers in dry climates 
with energetic evaporationalso have this shape, as have those w^hich belong 
to the type of rapidly moving tidal glaciers which float in their central parts 
and rest on land on their In some areas, as in north-east Green¬ 

land,!^^ compound glaciers may be traversed by pronounced longitudinal 
furrows running for miles up and down that delineate the several units, 

Termtnation^ The thicker ice and more rapid flow on the axis make the 
snout convex dot^nstream, though the incidence of the sun's rays may control 
the actual shape.Occasionally, It Is a re-entrant angle* as on the Low'cr 
Grindehvald Glacier in winter,!^^ or in ice-fjords*^“ where the flanks rest 
on land or in shallow water and the centre floats and wastes rapidly by 
calving and, to a less extent, by melting. Certain glacier-lakes of the 
Pleistocene also had concave ice-faces (see p. 457). 

I'he terminal slope varies considerably. In tide-water glaciers which have 
suffered little from abrasion it is usually vertical unless, as often in north 
Greenland, e.g. in Petermann Fjord and Shcrard Osborne Fjord, the sea is 
constantly frozen and the ice slopes gently.On land, the snout may taper 
or be vertical Slopes rising gradually backwards are limited to regions 
where, as in most Alpine glaciers and in south Greenland, surface ablation 
plays a large part^®^ and loss exceeds supply, the difference between the 
factors increasing steadily tow-ards the snout. The steepened slope behind 
the latter is* how^cver, also partly due to the building of tlic ice behind the thin 
and rigid snout (see p. 119) to enable this obstruction to be overcome* 
especially in valleys ^vith low gradients.!®! Stagnant glaciers without supply 
have smooth convex surfaces, flat terminations and feather edges. 

Vertical snouts have been frequently described from polar regions,!S2 
including north Greenland—the Upemavik Glacier has the highest cliff!®^ 
(100 m )—Spitsbergen and the Antarctic* and vertical faces around nuna- 
taks.!®^ I'he cliff may have an overhanging cornice and a notable talus,!®^ 
made of pieces detached from the top or of debris melted out from the base^ 

These “Chinese walls”, as IxsckwciodJ®^ styled them in Ellesmere Land, 
are due to quicker flow in the upper layers!®^ accompanied by shearing and 
marginal thrusting; to retardation or more rapid melting of the lower* debris¬ 
laden ice**®® the overhang being proportionate to the quantity of detritus; to 
vvashing and undermining of the base by melt-waters and glacier-streams!®^; 
and to a glacier's greater thickness which ensures that the internal tempera¬ 
ture is below freesring point. 

The difference bct\%cen receding faces and cliffs may be one of plasticity 
or may be due to btitude^^^: where this is high and tlic sun is above the 
horizon for long periods, the rays are incident at a low angle and mostly 
fall upon the glacier^s edge. But latitude is not the main factor* for tapering 
snouts !^^ occur in Ellesmere Land and ^^o^th-East Land and vertical faces 
in the Pamirs, Karakoram Mountains, Alps and on Kilimanjaro. Oc¬ 
casionally^ 3 single glacier may have the two kinds of termination.!^^ High 
latitude works mainly in ensuring ]q\v temperatures and slight melting* 
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provide protection from the sun’s rays 
PhilipW se« (.ffea m the proportion of direct and indirect abladon: 
temperate gl^iers melt by direct ablation, arctic glaciers principally by insola- 
tion and indirect ablation acting by means of the dust cover. Since ablation 

Tnir increases upwards, the glacier’s thickness remains more constant. 
In the other zone, it mcreasea downwards to a tapering snout- 

u doubtless contribute, the main cause 

appears to be^ the glacier’s state,l!is whether it is in reireat or adv^XS 
as immediately controlled by the flow of its upper layers. The Grindef- 
\vaiders early anticipated this explanation—an advancing glacier had its nose 
in the air, a receding one its nose in the gTound.'!^ ^ ^ ^ 

observations in Europe and 
northward flowing rivers in the northern hemisphen; were 
deflected to the right by the earth’s rotation—J. Babinet^oi had anticipated 
^is conclusion by one year and P. A. SJov-tzov^os by ten yearn. While the 
force 13 not to be denied, its adequacy is less certain. Most writers who 
have examined the matter have accepted the law '303 and attempts have been 
rnadc to confi™ n expenmcntally. Yet others^OJ doubt of repudiate it 

5sSss?^to»£a.i^s.2: 

unequal size and strenertvT'^f^ txptised to the sun s rays^xw or to the markedly 
unequal size and strength of enclosmg morainic ridges =03 ^ 

cM engtaccTine, data ar7at^flw^ f 'V geophysics and 

stiU »f „<vc bins. Di^?„b' of Elaciers, fewer 

over a rock-face or end a in n ^ Possible if a glacier plunges 

Examination of areas recently vaatedT''^' uncovers tile floor, 

were within the last cenmry i ^ « ice-tongu« 

the fjordfl^w f retw^aKner AI ^ thick Soundings m 

Glacier between 1906 and iQOq^i^S m"th 

its end of iSqz w^ 72^ m^ck anH Vk" Glacier 9 km from 

thick at a point i Glacier was 760 m 

of the Rink Glacier of Greenland Soundings in front 

Jungfmu m f Rht^e^cLt^ anS^MoTnf depths^u 1 Month and 

Bois, f. 30 m; Tete Roussc 41 m- Lower r f Glacier du 

Aar Glacier up to 60 m or z6o m—th/-i ^ 5 ^ m: and 

sr""i-h thoTS t'’S.:w„"s 

105 m;and FinsteraS Glacier ^2^^ T^Ar*' Grindelwald Glacier, 
less than 100 m, ■ 3 ■ n Alpine glaciers, they are generally 

eso'ipJrCfcS" “h "““l'"'- (“ p- 47 ). 

bock upon ^ 4 b.vc » fc„d 
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Aar and Malaspina glaciers, 4<x>-50o m for the Jostcdalsbrae. and 600 m for 
the Tasman Glacier, New ^aland—S. ^Tunstcr^*^ in hi& Cosmographica 
univmalis of 1543 had already suggested a depth of 300-400 fathoms. Alpine 
glaciem^*^ have thought to be 400-500 m deep and in the great basins 
several 100 m. U hese estimates may be checked by figures supplied by the 
recession of the alpine glaciers since XH5D, by bores (see below)^ by seismic 
determinations and by calculations connected with the glacier's economy. 

After Agassiz sank his shallow bores of 60 m on the Lower Aar Glacier- 
nothing w^ attempted in this way until the present century when they were 
drilledin the Mont Blanc region, in Greenland, in the Malaspina Glacier 
and in Swedish Lapland. The tongue of the Hintereisfemer^^^ was pierced 
between 1894 1910 in iz places and to a maximum depth of 224 m. 

From its figures Hess calculated the preeipitation in the fim and the velocity 
and ablation, and eonsirueted a iongirudinal profile, a map of the bed and 
several cross-sections.^^ He likewise attempted from published data to 
draw the profiles of the Rhone Glacier^^^ Boring by use of bodies heated 
electrically or by boiling ^s-aters^ 
have generally not proved successful 
though a depth of up to 195 m has 
been reached and electro thermic 
sounding has been found useful on 
French and other glacicrs,^^ inclu¬ 
ding the Malaspina Glacier where 
a depth of 1950 ft (c 455 m) has 
been prowd—the rate may be up 
to 25 m/hour with a diameter of 
bore of 60-^0 mm. When the hole 
reaches bedrock it usually empties 
of ts'ater and the subglacial stream 
can sometimes be heard. Such waters are now^ being prospected for hydro¬ 
electric plants in high mountainous country+ 

Deep bores through moving and crevassed glaciers need heavy and 
cumbersome equipment and are costly and tecl^ically difficult,The 
new seismic acoustic method is therefore a w^elcomc substitute. Using a 
vertical seismograph with optical registerings Mothes^^^ w^as able to 
determine the rate of propagation of the shock-waves from explosions through 
the Hintereisfemer and, by obtaining their point of reflection from the junc¬ 
tion of Ice and rock^ to calculate its depth* The velocities of propagation 
through ice of this and other glaciers been found to be 3^-3 ^6 Im/scc 
for longitudinal waves and km/sec for transverse waves and to vary 

with the temperature of the ice^^ (fig, lO)* the refieetJen cun'^e being a para¬ 
bola—the velocities near the less compact fim were smaller. The computed 
depths obtained by Mothes equalled exactly those given by Hess's bores^ after 
allowing for an inter^^ening ablation of 15-23 id. ITie seismic method gave 
792 m and c. 500 m for the Great Aletsch Glacier^^^ (Concordiaplata), c, 321 m 
for the Paste 237 m for the Rhone Glader,^^ 444 m for the L^wer Aar 

Glacier^ and 95 m and 2GO m for the Stor Glacier of Swedish Lapland. 

A thousand measurements on the Gomer Glacier, which yielded a maximum 
depth of 450 m, gave for the first time the complete map of a glacier-bedn^^^ 
Figures have been obtained for other Alpine glaciers and for the Vatnajokull 
(740 m) and Malaspina Glacier*The seismic depth of the Ice in Baffin 



Fig. 10.—Velocity _ of longitudinal wave* in 

f^sjcicT-icc dCCOrdinif CO the H. 

Brockamp, A'"* JF. 93, 1951, p. 315, fiff. 6. 
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Saskatchewan Glader, 

Albertaj 1450 ft (i\L F. Meier* *954)- 

and complexi^ of this equipment, as well as the need to use 
»nV to a preference for eleetrodynamic methods, depending 

upon the electncaJ resistance of ice and snow and tlie ground beneath 

“ "" 

l^'^hpes like a highly viscous liquid {an assumption which, though 

^ calculated prodded 

gliding IS negligible ^d the velocitj', viscosity and the inclination of a glacier’s 
urface are knowm.yt development of Somigliana’s thei 5 s^nis 

fse^o ®^^""ngly only in stationary g!,iciera2« 

p ^isV ^ IS not applicable to glaciers which have a block movement (see 

The verifiMtion of Lagally’s and Somigliana's theories bv the subsenuent 
Kumic tounings of Molhts md Brockamp (»£ ,bo«.) cslnHilStd the tS™ 
of cootmoous, smionoT,, vfeoou. flo», pUdod that dis«SuM« 
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(P.L. Me^wJ?^ Glasirr ijwured by Jeimiic MUrtdin 


modem theodolites and by Phofogmrnmetn “casurements with 

firmed the main results on slowJv con- 

by assuming the valley of the I^ower Athickness calculated 
c^ss-section and xSsh^ ^ of P^irabolic 

0-77 bars agreed closely with that obteL^ h ^ constant and equal to 
glacier■ tamed by seismic soundings for this 

ZSO m! 5*2 tKtoK Kal^hiot Glacier 

Obersubhachfemer uo-j- m ^ tb n Pasterze280 m and the 

Glacier on and the Lewis 

by applying Kavier-Stokes’ equationr^Tfi!^^^^ ^ also been determined 
applied to parts of GreenLnf? T h ■ t streaming* Krueger 

as given by the fineness or coar^nK^ of abn^ion and plucking 

by the glacier, the material delivered subglacially 

ness are enhanced vvhcre?cc-she^^most^^*^ difficulfies in finding the thick- 
shape. Greenland is a^cx" 

of ice-girt islands,34& e.g bv C L ^ ^ ^en held to be a congenes 

bowl within s ring of SuniSao 

E rnountams«o-this 13 in accord with recent calculations 
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based on the magnitude of the ioAs-ijird shear force exerted by the rock floor, 
which suggests that the floor is 1200 m below sca-level—or a dissected plateau 
like Noi^^ay,25i control of the ice Over a considerable distance from the 
margin is evinced by the fjords' mmrd extension as depressions in the ice- 
surface,^^2 $pTTictinies with precipitoLis and fissured heads^ e,g, in the Ryder, 
Petermann and Ostenfcid glaciers and in the Jakobshavn Glacier where the 
effect is discernible 145 km from the western edge. It is also seen in the 
gigantic steps ,253 sometimes 80 km wide — 3 km, 9 km, 17 km and 27 km 
seem to be usual — which seismic methods prove are related to the undcr- 
lying relief, and which pass in the interior into flat and uncrevassed waves or 
swells — they have been credited to the snow-broom, The terraces usually 
slope outwards but fall inwards in the north-east and occasionally else¬ 
where^^ and give rise at lower levels to elongated lakes. 

Estimates of the central thickness varj' verj' much according to our view of 
the subglacial relief: figures range from 300 m to 2133 m, 2 S 7 %v, Meinardu &,258 
using a more scientific method (see below), found the rock-floor averaged 
400 m in altitude and the surface iScx5 m, the thickness being 1400 m. The 
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Fig. i 2 ,^SeUnnic pmliStr across Gmnland, J, J, HolKschcrcr, G.Jf. izo, 1954 , fig, 6 , 


depth is much more in. the valleys (1980 m and lOoo m have been men- 
tioned 259 j_ 'PJie mean height of the ice-surface was found by F, Loewe to 
be 2100 m, by A, Bauer (1955) to be 2135 m and by G. C Simpson 852 m. 
Thicknesses of the ioe^fiO of 1 ^95 km have been obtained by gravity deteimin- 
ations and of 2^5 km by other methods. 

Dynamite explosions in Greenland,^* with chaises of up to 20 Ib at suit¬ 
able distances of one or two kilometres, i,e, about twice the thickness of the 
ice where total reflection from the rock occurs, have given depths of 1220 m 
(at 40 km from the ice-edge and a height of 1500 m), of 1850 m at a distance 
of 120 km^ and of 1900 m ±130 m at a distance of 400 km at Eismttie 
(70^* 53^3 N. Lat,, 40* 42-1 W, Long,) at the geometric centre of the ice-sheet 
(l^rhaps 160 km west of the iec-divide)^ where the surface ia 3030 m ±20 m 
highand of c, 3000 m at the Central Station of the Kxp^ditwn Pohire 
Franfahe in the area corresponding to the central dome (see p, 75), These 
depths are somewhat uncertain: apart from technical errors, they ignore the 
layers of different density in the ice and assume that the reflection and surface 
points are in the same plane and that surface and reflecting planes are parallel. 
The tluckness of the fim was found to be 50 m at a distance from the edge of 
42 km, 105 m at 62 km and 14J m at I 20 km and at Eismittc c, 300-350 m.^*^ 

That the Antarctic ice is thin on the plateau is s^rningly indicated by 
crevasses associated with pressure-ridges^^ and by variations in the magnetic 
declination due to local attractions by thinly buried land masses,Never¬ 
theless, thicknesses up to 3050 m (lOjOOO ft) have been mentioned,^^ 
Meinardus,^*^^ who contrasted the concave hyposographic ctjr\'cs of the 
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methods have proved ud to fiio m h^d-t, ^ '^''' ®*‘*Tnic 

’■“sS ' ”’"“ '*°° ” P'""™'™™ 30C tn, Xd (’”sS>1t: 

“"r'"' *>1' ‘l'i‘*"«ss in Nonh.E« Land >t 
ddficulda. a„.„di„g .Kd 


Amc^ 

fc* 


UguntiJn 


^fTtajiepveJ^n 



. . 

superable diShiJ. ^'iT^^SlsTrnoJ'^'Je'^, wtll-ntgh m- 

of approach. c owe to certam fortunate avenues 

comparison is 

nourishment and wastage arc ^ ■“ their 

Age; they are controlled by smallc^diat^ compared with those of the Ice 
precipitation; and their gradients xt"*'' *™P^™tur«! and lighter 

^ proved by'modem cStnd ^d 

^eatly lengthened radius (seep 44?^™ '^ merges but slightly with 

shMts had approximately the ^mt hl^ight,^ conclude that the Pleistocene ice- 

oldest concern^the’^SSrffli l>y ^iJP,pigmentary means. The 

around nunatab, high Sds." valley sS of suitable rocb 

where the jce was active longest and intn between cirques, i.c, 

observed in the Alps that reSnded foim^ irv ‘ Saussure^75 

shapes jermej lourcHlemei) above a certain li!f^ Jay below and raw 

appreciate the significanci of his obsemdor^ 1 I ''* 

tion and Hup. who made his obsemdJnTh gave no cxplana- 

contrast toa difTerence in the nature of th^' T Glacier, related the 

litter gJacialists ^^7 thouplftK^'^^^' cjsplanation 

i«s marked where the i» ®“Eg^tion w as erroneously 

. Wd. by „fe„> i, „f,„ d. 
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the tributaries occupied the outer strip in composite giaciers.^i It is fre¬ 
quently distinct in the angle between valleys or at the ends of spurs and, like 
the Schliffgrenz^j is absent from Iinifields and cirque-hasins.^&s jjoth lines 
theoretically provide the height and gradient of the ice-flcHnJ, In practice^ 
they give a somewhat lower line^^^ since the upper ice, being clean and 
erratic-free, was unable to polish, and frost afterwards removed much of the 
polished skin at higher levels. The erratics often found no lodgement on the 
steep slopes or fell to a low^er level or scree foot when the ice retired. Many 
too have been displaced by slips and creep or disintegrated by weathering. 
Thus the tendency is to raise the limits as more care is given to them. Trans- 
fluence across cola or passes fumishca a useful check. 

These tw^o lines are conspicuous in the Alps snd enable the minimum thick¬ 
ness to be measured fairly easily though there may be stadial lines.^®^ 
Representative estimates in earlier worksgave 1000 m over Lago di Garda^ 
1680 m in the upper Rhone valley, 1160 m at the head of Lake Gerto-a and 
990 m at Geneva itselL Penck and Bruckner calculated innumerable 
figures,^* the greatesti viz. 2000 m, being near Brig in the Rhfine valley and 
near Me ran in the Etsch valley. Since they completed their work in 1909 
little has been done on these lines. The thickness, however^ ha$ h^n 
obtained near Salzach^^ where 1800 m was the maximum and 1500 m was 
not uncommon, and may be calculated from ioe-contoured maps (see p. 701)* 
In the Himalayas depths up to 2 Cm> 0 m have been computed. In New 
Zcaland,^^ the Tasman valley was filled to a depth of 1067 m though the 
maximum depth in that country w^ 2130 m. 

In the case of ice-sheets, these flood marks arc rare and generally marginal. 
Among the peripheral " glaciometers ” In Europe arc Zobten in Silesia and 
the Polish Mittdgcbirge with a thickness of 200 North Ameri™ 

analogues are Mount Katahdin^ (5^67 ft: r. 1604 m) — striae and foreign 
erratics occur on its highest point—White Monntains, Green Mountains, 
Adirondacks (5344 ft: f. 1627-5 Catskill ^lountains^^* whose 

summit (4205 ft: c, 12S2 m) is striated. Scratches, erratics and streaks of 
boulder-clay indicate 2 complete burial of Mount Washington(62S4 ft: 
c 1915 m) and at least 5000 ft (1524 m) of ice over the adjoining plains and 
even greater depths back from the edge. Similar methods gave the Cordil- 
leran ice along the 49th Parallel an a%^erage of Soo m and a maximum of 
tgoo m,^^^ 

In Scandinavia, where it is uncertain whether or not these signs belong to the 
maximum glaciation, striae and erratics in the Sognefjord 293 gave 1700- 
iSoo m. The thic^ess in south Nonvay was 2000 in north Konvay 
1200-1500 m, and on the ice-axis 800-1000 m .296 While the ice Avas deeper 
in the vallej^s^ the shapes of the Jotunheim peaks arc not reconcilable wTth a 
surface above 220O m even at the maximum ^^^—nunataks Ln Okstindcr 
gave a surface at c. 1800 m, in Tome Triisk between tSoo m and 2000 m 
and in the interior of the Ofotenfjord 1000-1200 m 29 a Tanner 299 arrived 
at a figure of 3570 m and thicknesses of 3000-3500 m have been given for 
Sweden.^ 

The objection sometimes urged that subsequent erosion» by lowering 
the plains and valleys, exaggerated the ice-depth is refuted by the freshness 
of the striae and crraties which, as in the Alps,^^ are clearly of the last 
gladatioriH l^ter erosion has been negligible f^e ch. XXV). 

Eccentric icesheds (see p. 667) and the overriding of main water-partings 
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p,o,i* mod. of attnckSB; thi. has b«r u«d ropaattdto f„, s™di. 

years ago/ 3 <» &oo m as reocntly as 1 1 ,000 

did'nordcfka thl7c?^?f£ n™T the following facts: the Baltic basin 
flints wexc raised to? oJXlnL f P- 

this demands a thicknei over the sogtrBaldf S* Mittdgebirgc— 

(see above) or of looo-i'oo m^io- a t v ^ twic^ that amount 

is neccssar>’ to induce flmv the iee^rt ^ a ver^- small surface-slope 

of 1 in 8o?from Sdi,S>1a m vast d.stanees^an indination 

roughly 4000m. In this connexiofi it would make the centra! depth 

of I in 528 has been He e tti ^d neccssarTm ** gradient 

the average slope from Scandinavia t^centraf ■” 

been I in ioo.ai2 depression (see ch" ^VlV* 

into account—the North ^ ^ I’® 

have been 800 m l^TthlnSif"*^"^"^ the ice may 

metri^ curve3 h ha" ofSi^bUn^^'iJJnTd 3*i^ 

the edp and then ever more gently Its' idwl^i 

cither Greenland or the Antarctic r ^ shape is not attained in 

is influenced too much bv the buried r- ^"^^Aiciently regular and 

graphic cun,'e of Iceland and Norway " 

mathematical form.*'? Its ^ Comply with any 

It results no doubt from J'"™"- 

and ablation, by the obstruction of th influenced by precipitation 

physical properties of ice and bv plasticity 

The Scandinavian ice-sheet was asvmmi.r anticj-clonlc winds^lS 

^^\Vh 5 %., on the east of c. its surface fell 

an arc o/a cifck.^Sl^d^s^jSfouSffi i'inlattdsu {A. de Qtiervain) as 
2.7^ m it was a’parabolotj or a tmLuTo 

mass ^ worked out by I^rd Kelvin Hi f more curved than a ’viscous 

may s^pen outwards so that at any seetlrtr ;♦ ■* area, the slope 

not only to the vcloeitv but to the radinc »*k appro’llit'^tely proportional 
The inclinations of the in vJ! section 

“ic and the plasticity of the k^k f«raperaturc of the 

Obstructions and with the preinoe or with the relief and existence of 
ICC and whether such watcre were deen^'^™k'*k®^“?^-''^® waters about the 
^'Jng. The inclinations have been mn “ugh by ^eir buoyancy' to cause 
America usually from the descent of tar '"1 i^urope and North 

mapirnri..^i,''="'"‘"“' less 



side of die HudsorClaclr ''^'^‘=«nsin; 25. 

to the ice-edge; 50 in Montana;’ 30 [n New Jm^"’ 

r 30 iJi -^ew Jersey and adjacent New York; 
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lOO-iio in Massachusetts; ^50-280 in New Hampshire; and at least 27 south 
of Mount Ratahdin, 

The slope probably exceeded 25 ft/miJe over eastern North America—it 
has been estimated at 30 ft^^ (1:176)—afld \vas probably steeper along the 
arctic segment where the melting was 1^, as noticed on modem glaciers, 
e,g. in Alaska, 3 ^** or in the Pleistocene These figures may be com¬ 

pared with those for Scandinavia^^® (1-4:100) or widi those Ante vs 3 ^ 
collected for the Antarctic and Greenland. 

The gradient of the Worm ice in the Hamburg area was i and in the 
Ilm valley was at least t :200,^^ 

Calculations for Pleistocene Switzerland were made by A. Favre* I.atcr, 
Penck and Bruckner found gradients of 50%o ^^^d even of So%„, as on the 
Piave Glacier^ and obtained an average of i2%o for the subalpine glacier fans. 
Penckgave similar figures for the Bavarian valleys betaveen the IjjcH and 
Isar as did Heini^^^ for the Alps generally. In the Allgau ihe slopes averaged 
The gradient was lessened ^vhere mountain barriers stood in 

the patliA 35 

Although the fall did not continue at this rate hut became almost zero over 
much of the interior, die marginal gradient, togedicr with the testimony of 
die glaciometcrs ” and the uplifted erratics^ as south and west of the 
Canadian icc-centres (see p. Syo), imply that the central ice was enormously 
deep. Early w'orkers gave figured which critical research has fully confirmed. 
The following may serve as ty'pical—Antevs^^ has cited others: in the centre 
of the North American ice-sheet,10,000-15,000 ft (3050-4575 m) or even 
iS,ooo ft (5500 m) or 20,000 ft (6 iqo m): near the margin,^^^ as in New Eng¬ 
land and about the Adirondacks, 6000 ft (1S30 m); in Monianap 4450 ft 
(e. 1360 in); and over I\Iount Desert Island, Maine» several thousand feet, 
Esdmates for the Cordilleras^^^ include 4000-6000 ft (1220—1830 m); in 
Puget Sound, 3000 ft (915 m); in Dease Lake valley, 4500 ft (f. 1370 m); and 
ever Alaska^^ 5000 or 6000 ft (1525 or 1830 m). 

Estimates for the Scandinavian ice-sheet were of the ssame order (see 
p^ 42)* Over the British Isles die ice was never $0 thick that the mountains 
ceased to influence its flow. In the Scottish fjords^ the depth was 4000- 
5000 ft^^ {1220-1525 m); at the head of Moray Firth at least 4480 ft^- 
(1365 m); over the Minch, 2700 ft (c. 820 m); and in the Outer Hebrides, 
w here the summits of North llarri&[e.g. Clisham, 2622ft; 80am) and South Uist 
were ungiaciated, 1600-2000 (c. 490-610 m)- It approached 3000 ft 

(915 ^) above the Scottish lowlandsand in Skye (the highest peaks of 
which w^ere completely covered^ 5 ), as well as over the Irish and North 
and around the Isle of AIan^“^ where Snaefell was scored along the 
contour^ 'fhe ice flanked the west Pennine Chain at 17S® ft^^ (533 
passed w ith a depth of 1700 ft (r. 520) and looo ft (305 m) respectively over 
Angleseyand Pembrokeshire.^^ Some of die "highest summits in the 
Moume ^lountains were nunatalvS,^^^ except possibly at maximum gJacia- 
don, and the surface during the last glaciation fell from here to the icklow 
Mountains at the rate of 

The thickness may also be computed from the compression of the drifts 
and underlying clays by the weight of the vanished ice-sheet — ^the Miocene 
clays of Hamburg gave a thickness of r. 350 m—and, in the opinion of some, 
frorn the amount of isostatic uplift which followed the icc-unloadingK Allow¬ 
ing for the uplift that preceded the freeing of the central areas from ice (sec 
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p- 13^7)1 Bgnees reasonably well with figures otherwise obtained and 
founts to 840 m, 1000 m, zioo m or 3570 m for Scandinavia to 1000 m 
for Iceland «S; to approximately 1100 for Spitsbergen and Franz Josef 
Land; and ^ addition of between z8o and 695 m to the present thickness in 
Greeiiland .«7 ITie Keewatin Ice was thinner than the Labradorean .^58 

^'■'ctage thickness of the ttiodem Antarctic Ice, as given by the 
abnormally low continental shelf (see p. 1346), is c. 550 

Ice averaging c. 4 miles thick (6*5 km) has been invoked for the great 
owering of sea-^vel that permitted the cutting of the submarine canyons 
(sec p. 1240). ^ The more reasonable figure of 2103 m has been calculated 
from the lowering of sca-lcvcl as measured at the Golden Gate, California,^ 
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modem ice-shects of Greenland and Antarcticap though these differ greatly 
ifi areal e?ttent. CorLsideraUQiis of the earth's thermal gradierit have sugge$ted 
a figure of looo 
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Defiaicy=3t.iD5 

F[c. j s.—'The oxygen temhed™ in th& ihw forma of ict, drflwn in accordance the 
rMidis of McFarhn. In each «« O, lying at the centre of the tetrahedron, u ^uidistunt 
from the four comera A, 0, C* D. W. Braggs P. /. Gi- Bni. lOSSp P- 3®^^ fiR- 'S- 

Crevasses* Surface-nriDraines, ablation features and the degree of erevass- 
iog deieiminc t^hat Agassiz called the glacier's pliysio^omy. Crevass^, 
which occur where teosion exceeds the cohesion of the ice, are rare in the 
niv6, especially in its lower parts since movement is slow and changes of slope 
arc few^ Nevertheless, they arc found tovvards its *^_dge, vvhere they rnay 
be so numerous as to build seracs, and above irregularities in the floor: they 
arc well displayed in maps^^^ of the llintereisfcmer^ Schlegeisferner and 
Gepatschfemer. 

Firn crevasses are generally distinguished by their great depth—ilicy may 
be 8o m deep ^ince the fim is colder and drier and therefore more 
brittle than the ice of the tongue. They are also relatively broad (up to 30 m), 
since surface snows have only a small eohesbriH Their upper edges project 
or are arched over with snow throughout most of the year. They taper to 
their rounded ends and widen downwards and then narrow ^ 
noticed p the uptvard narrotving being due to- the constant addition of new 
layers which move less the younger the layer (see p* lOO) and leave remnants 

projecting from the sides. Some crevassesp which are rent open by 
below% stop at discordant layers in the ri< 5 :ve and fail to reach the surface- 
Firn crevasses occur especially near the steeper sides and at changes or 
slope. The most important of them carries the specific name of Bergidirund 
(Fr. fa rimaye) in the BemcseAlps^^»(plTlA, p. 33)- It follows the semicircular 
cliff a little out upon the body of the glacier and frequently contmues^ior ^^tig 
distances (it may run for a few' thousand metres or cross a whole 

widih)^ obstructing the climb to the rocks above. Closing in at the ^ottoiiiT 
it ranges from narrow cracks to chasms^ say^ 25 m wide ^d 45 m deep, a 
series of crevasses penetrating the neve obliquely may replace it if the roc 

face behind is less steep ^ t 

The bergsehrund originates at the surface some distance out from tl^ ro^- 
wall—the chasm caused by melting bewcen rock and nM is ^e RanMIuJi 
(border crack which often forms late in the melt season and eve ops J-®™ 
the bergschrundl^r where the nock is so steep that snow canno^t cling to it, 
i.e. slop's more than 50*.^! It approaches and finely meets the rock at a 
greater or lesser depth* though some authonties believe it is wholly m the 
nive.^a^ In winter, it fills with avalanched snow or is spanned by snow- 
bridges and hung with gigantic icicles suspended from the 
the bridges are continuous* its presence b indicated by a hne of depressions 
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(Fr. ffletfflifar). It opens in spring when the fim sags away from the steeper 
upper snows which are thin and frozen to the and virtually Wd * 

They are, however, subject to a sloiv creep which causes the upper lip to 
advance slowly, involving a new fissure higher up, until the ice between the 
two cracks falls into the old bergsehrund or passes over it .384 The position 
of the ber^chrund behveen the moving and fixed neves (analagous powibly 
to the bndshp hssure) is due to the suddenly increased depth of the snow 
controlled by the basin s configuration.^SJ or to faulting resulting from ten¬ 
sions and subsidenws in the nivim below). It is obviously absent from 
plateau glaciers and ice-sheets (cf. p, 47) ^ 

Galleries driwn during the World War^av of 1914-1S confirm an observa- 
ll' on the Marmolata Glader^s* and later on the llard- 
angcrjokull 389 namely, that the bergsehr^nd has frequently a series of cross 
floore, 0‘5 m apart and 20-30 cm thick, which are rough below and smoothed 
by freezing waters above The floors, which extend from side to side and 
^y represent annual avalanche falls across the chasm, are often faulted by 
glacjer movements which here are liable to be sudden and violent ^ 

transverse. Bottom crevasses (Ger. Gruridspalti^fi), which have seldom been 
^n, ocj^r mainly m thin ice near the margin.Marginal crevasses ire 
due to the fnction of the sides or of nunataks, c,g. Gaussberg, to the more 
rapid flow along the centre line, and occasionly to rotation 39?’ 'ph-v uoint 

SS“"’ •'"Yf ■ 

wmch vanes with the glacier’s thickness and velocitv—crevasses inclined at 

P"Mibl>' bv ablation or a - bS 

flowL to mX“s. »gu •"Vt i 
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irregularity iit its bed.*^ of the Hintereisfem-cr or Vemagtfemer 

clearly bring out this relation'*®*; for a steepening of only 2-3* is sufficient 
to open powerful crevasses.'^^ Such crevasses which curve downstream 
because of the more rapid flow on the axial line rarely cross a glacier though 
they frequently join up w'ith the marginal crevasses. If the declivity is both 
steep and unequal, they build a network of Assures or form splintered peaks^ 
Charpentier^s aiguilles or de Saussure's so named because they 

resemble certain cubic cheeses of Savoy. S^racs may^ however^ arise from 
pressure.^®^ 

At the concavity below a step, tension gives way to compression and 
regclation closes and scab the crev'asses; traces are slight when melting has 
bevelled their edges and closure gives a wavy surface. During the healing 
process, imprisoned air is expelled in a “sighing” of the glacier and water is 
driven out in geyser-1 ike fountains. 

Pbteau glaciers with little or no inclination have feiv and poor crevasses. 
Crevasses are absent too from the interiors of Greenland and Antarctica'*^ 
but characterise ice-falls or “dimplesR. E. Peaiy^S “basins of exuda¬ 
tion between the nunataks, in front of which they pass laterally into 
pressure waves* 'Phe gravity stream in the outlet gbcier sucks away the 
converging ice more quickly than hydrostatic pressure can supply it from 
behind, 'Hie wide, innermost crevasse has been interpreted as a berg- 
schrund.^®^ 

Bosses of rock rising in the bed may raise corresponding “ ice-domes 
at the surface. I'hesc "unborn nunataks 1 unbroken, shattered or 
crevassed, are knowTi'^l^ on the Cornell and other glaciers in Greenland, in 
the Yakutat Bay region, on IVIount Hood in North America and in 
Antarctica. They are rimmed sometimes by ice-crevasses or have linear 
debris trains in the lee. The low^ swells cjccasionally noticed-**^ in the Pamirs 
and west Turkestan and towards die margin of the Greenland ice (sec p. 39) 
are analogous, as seismic work in Greenland shows. Similar investigations 
reveal a roche moutonnee projecting 5c m into the sole of the Fasterze and its 
reflection in a surface undulation 300 m aboseA^^ 

“ Glacier canalsfound by A. E. Nordensldold^*^ in North-East Land and 
aften^ards by the Oxford Expedition of 1924'*^^ (E. Greenland has similar 
chasiTis'*J 7 ^^ are parallel, steep-walled rifts in the ice* up to 9 m deep and 
30 m broad. They may be due to faulting of the ice (Nordenakiold) or of the 
subjacent rcjck‘**^ but more probably to tension in the upper ice as it creeps 
over steep slopes.^ 

The depth to which crevasses penetrate is not certainly known: it doubdess 
varies from place to place on a single glacier. Soundings, cliff sections in 
tidal glaciers, and water standing in crevasses'*-® or in cylindrical cavities 
made by closing crevasses"*^^ demonstrate, however^ that few crevasses reach 
the base. Countless numbers are confined to the upper 5-20 m, i.e. to the 
upper rigid zone in which movement is by discontinuous fracture and by 
shearing along discrete planes. Exceptions are situated in the thin margins 
and at abrupt and high steps in valley floors. Even transverse crevasses 
which are probably the deepest rarely reach the sole because of compres- 
sion, though scars w'hich persist to the very end of some glaciers prove that 
exceptions to this rule exist.'*^^ 

The restriction of crevasses to the upper, frangible layers (where a blow 
from a ski stick has opened crevasses 45 ni long"*^"* in east Greenland and 
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Antarctica) may be due to low temperature and small p!a3^icit>^^2S Hence 
crevasses in the cold fim arc relatively deep (see p, 45); in Alaskan glaciers 
they terminate at a definite hori7X)n'*^^ (which In the South Crillon and 
KloDch glaciers is shown by seismic methods to be c. 30 m) and in Himalayan 
and equatorial glaciers, which presumably arc mote plastiCp"*^^ they are fewer 
than in the Alps, Some cracks may even be due to changes of temperature^^ 
(Hugi and others thought ail crevasses originated in this way"^^), a state of 
tension induced by flow being a predetermining or predisposing condition.^^ 
Such cracks, often only as wide as a hair, traverse considerable distances s in 
the Antarctic, where the abundant crevasses reflect the rigidity and inflexi¬ 
bility of the icci they have been traced for kilometres.^ 

Banding- Bands of light-Coloured porous ice with small grains "^32 alter¬ 
nate on a glacier with layers of compact and blue ice lacking air particles. 
They are a few hundred metres long and 5-7-5 cm or even less than 2-5 cm 
thick.Their width is usually a few centimetres or decimetres and lessens 
tow-ards the glacier sides where they merge. They wrinkle the surface by 
differential mclting,"^^ as Forbeswas the first to notice, and, when 
vertical, give rise to the more prominent Reid’s ridges,^^ the f^urrows 
serving as tvater courses.’^^^ In Greenland the difFerential melting is locally 
reversed and the blue bands sink,^^^ 

In simple glaciers the bands^ each composed of countless lenses'*^** (Gcr. 
Blatier)^ arc spoon or trough shaped according to the form of the bed.^ 
They dip inwards from the flanks and $nout as seen in crevasses^ ice-caves 
and Chinese walls, and sweep across the glacier in broad arcs, convex down- 
strearn.+^l In glaciei^i bounded by steep or vertical faces, as in Spitsbergen 
and Greenland or in the long glaciers of central Asia, the structure (syn. 
veined, ribboned, laminar structure) stripes the glacier longitudinally.^^ 
The upturning at the snouts^ particularly well seen if tlic bands are sullied 
in the line of median muraines,+*^ varies from a few' degrees to vertical. It 
is sometimes accompanied by a thickening of the layers, due possibly to ex¬ 
ceptional grow-th from penetrating surface waters,-^ 

The stTuqture^^ in narrow valleys, e.g. in the Hochjochfemer, remaiiis 
closed to the end* It is compressed if tributaries enter or valleys are con¬ 
stricted and is less inclined if they widen out In composite glaciers, it 
remains distinct and separate and more or less parallel with the planes of 
contact. It is seen in transverse section a$ a series of loops, open upwards, 
which may be very compressed as in Zillertal where each glacier component 
b narrotver than it is deep. In all kinds of glaciers the definition of the wnca 
becomes less sharp in depth and ultimately disappear^i^^c 

Since Guyof^^ described the structure in 1S3S (P. Vidalin^^ had noticed 
it in the iSth century) it has often been investigated, Agassiz, 'WS who had 
the good fortune to select the simple Ijuwer Aar Glacier, maintained that it 
was merely the nivi stratification pulled or squeezed out. This view, which 
has the merits of simplicity and probability and contradicts no known fact, 
has found much favour,-*^ especially during the present century. The 
straliflcation may be highly distorted or indeed completely obliterated by ice- 
falls, the opening and sealing of crevasses and complex icc-flow.^^* But if 
a glacier is undisturbed throughout its course g mattfemer or 
Ubergossene Aim, or is inappreciably constricted,^ 5 J in Norway^s plateau 
glaciers, Kilimanjaro's dome glacier or the Antarctic icc-shect, the stratifi- 
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cation is recognisable to the edge, Wlacre the broad ncv^ passes to the 
narrow tongue ^ as m the great t'alJey glaciers of Greenland^^^ the original 
planes are laterally compressed and much modified. Yet the transition from 
stratification in the neve to banding in the tongue has been followed by 
H. F. Reid"^^^ and members of the 'Fhird International Conference on 
Glaciers in 1905'*^^ on the Fomo and Aar glaciers^ by Crammeron the 
Marzelh V'ernagtfemer and Obersul^bachfemer, by Rekstad^^® on the 
Folgefonn+ Jostedalsbrae and Snehaettabraej. and by 0 yen^s^ on jotunheim. 
Crammer in particular has fully described the passage from the undulating 
stratification of the neve into the syndines and anticlines of the tongue while 
HesSp'^ experimenting with wax and hydraulic presses, has simulated band¬ 
ing as stratification, reproduced the upturning at the snouts^ and shov^m that 
each glacier has separate dirt-bands (see below)* The parallelism between 
the periodicities in the thickness of the bands and climatic periodicities 
strengthens the belief in a descent from stratification.'^! 

The readjustments consequent upon granular growth^ contrary to expecta¬ 
tion, involve no change in the relative position of the individual grain$, blue 
bands and banding continuing unbroken by this proce^^ 

Other glacialistSp^^ following Tyndall and Huxley,'**^ who like Forbes 
studied banding below the ice-fall on the ^ler de Glace de Chamonix, contend 
that it is allied to slaty^ cleavage and arises when pressure is strongestt as in 
constrictionst at margins and confluences, and at the foot of ioe-cascades. 
This vieWj almost unchallenged until the beginning of this century^, asserts 
that the bands have not descended from stratification since this is wanting 
in central Greenland^^ or would be destroyed by ice-falls; that they^ often cut 
the stratification at high angk-s,^*^^ intersect one anotherand occur in 
reconstructed glaciers; and that the least disturbed glaciers have the clearest 
stratification and the best developed bands. 

Nevertheless,, the banding in reconstructed glaciers is apparently a stratifi¬ 
cation feature^® due to successive falls and the pulverisation and melting in 
the intervals; for the pressure in these glaciers is too small to induce banding. 
Intersection of stratification and banding may arise from unconformities in 
die newi^r from the stratification's Intersection with ice-filled crevasses."*^^ 
These ice-veins which are of vary ing widths full of air-bubbles and free from 
dirt, project as ridges below icc-"falls^^^ because they reflect strongly. They 
represent old crevasses filled with snow. The latter melts in summer and 
on freezing forms w'ater-ice (*ryndall^s ** white ice-seams Agassiz's 
d'£au) which w hen pure is blue but is frequently stained brown* grey or green 
with tvind-blown dust* The water freesfi^ from the sides and the cry'stals 
grow inw^ards as candle-icc*" to meet in a layer of bubbles, Drygalski s 
iMattfidcke. Horixor^tal columns stretch from wall to waH* though currents 
of water passing along the crevasses sometimes cur%‘e the crystals with them. 
Pre^isure subsequently modifies the water-ice into glacier-ire. The more 
rapid flow of the surface curves and inclines the veins and,, if the glacier is 
long enough, forces them to become nearly horizontal or parallel with the bed. 
Here they may be orientated with the banding and if filled with dirt may 
generate dirt-bands (see below). In this way, they may produce true band¬ 
ing,as emphasised hy Forbes and early writers as well as by recent 
glacial!sts and the Intemalional Glacier Conference of 1905, and may inter¬ 
sect the banding inherited from stratification. But banding in general cannot 
originate in this way; for crevasses, being shallow, di^ppear by ablation in a 
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relatively short distance below an ioe-faU’*'^^ and many glaciers have no bands 
below their icefaIb+"‘'^^ 

Banding therefore arises both from stratification ('’Alaskan'* bands'*^^) and 
from crevasses or glide-planes or foliation("Forbes's” bands) though it 
may be truer to say that gliding takes place along the banding.^^^ Shear 
planes H arranged parallel with the flow and the glacier sides, are sealed by 
frees^ing waters. Since healed planes of this kind resist shearing better than 
white layers do, new glide planes tear across where confluence, constriction or 
widening of glaciers require a new orientation of shear planes. Sets of inter¬ 
secting $hcar planes thus originate. I'hat banding inay arise in this way is 
shown by the parallelism of bands and shear planes; by their abundance in 
places of marked differential movement; and by the steeply inclined banding 
in the lower parts of some x^ntarctic bergs which are almost horiaontally 
stratified. 

Dirt -bands. Narrow, dark or black bands of denser ice swTcp across 
many glaciers, e.g. Mer de Glace* Glacier du Tacul* in numerous graceful 
curt^es or sharp hyperbolas concave towards the (pi. I IIa* p. 64), They 

arc the dirt-bands'^®® of Forbes and Tindall (Godeffroy had already noticed 
them), the chevrons of Agassta,^®^ ^cafiks of C. M art ins, Og^n or ogives 
(Gothic pointed arch) of the brothers Schlaginttveit.^®** Inconspicuous or 
prominent (as m the evening light or near lateral moraines), they appear as 
straight lines below the fimline and become better developed^ more curt'ed 
and more widely spaced down the glacier. At a confluencOi they are separate 
but gradually merge to become meer hooks on the curves or be finally 
eliminated. 

Dirt-bands may be the outcrops of dirt along the stratification ,^®5 as is 
indicated by ihcir regularity and eoincidence with blue bands, their lack on 
the Bosson Glacier where the fim mantle s\%eeps up and over the summit of 
Mont Blanc^®^ (as "dirt stones'" they may represent the melling not of one 
but of several years ^®^), and by the pollen layers (see below). They may also 
ho the outcrop of banding due to glide planesor owe their dirt to penetra¬ 
tion from the surface'^^ or from the base^^® or to enclosure in sealed-up 
crevasses.'^^^ R. Streiff-Becker^^^ has recently associated them with pressure 
weaves below ice-faUs where the ice meets with some resistance. 'Fhe in¬ 
tervals bet%veen the hands may mark the annual progress of the iee,^®'^ a$ 
Tyndall conjectured from observations on the iVler dc Glace and Forbes had 
done 17 years earlier* while their number may give a glacier's age^®"*: a 
glacieret in the Urals Mountains had 220 such annual layers,'*^^ the East 
Twin Glacier of Alaska they have been attributed to the periodic occurrence 
of obstructed extrusion flow at the base of an iec-falL^^ 

Pollen determinationsin the Swiss and Tyrol Alps — up to 5000 pollen 
grains per cubic decimetre of ice occur""shotv that in the superficial and 
central parts of a glacier banding and dirt-bands are coincident with stratifi¬ 
cation but beneath and at the margins they are due to slipping and structural 
movement. 
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ABLATION 

Effect on grains. and glacier grains are pure ice and are associated 

with intergranular waters which have fine rock powder and salts ^ which 
derive from the original snow'. The difference bet^veen land- and sea-ice 
is in this respect one of degree: sea-ice encloses much brine, land-ice merely 
a trace* The presence of the saline skin in glacier-ice was suggested by the 
freezing temperatures of saline solutions of varied conceittralion and by 
studies of the coefficient of thermal expansion of the ice obtained in these 
conditions and at different temperatures. It has bern proved experi¬ 
mentally^^ the skin having an estimated thickness, which varies according to 
the pressure^ of o'035-0^7 mm. The ice lattice has an extremely low 
tolerance for molecular impurities—these are either excluded by the growing 
ciy^stal or included as bubbles (gas) or globules (liquid). 

\ST\en the temperature falls* the intergranular salt solution becomes more 
and more concentrated until finally at — when the solution is 23-5% 
NaCl and 76-5% Avater* the cryohydric point is reached. The eutectic* then 
formed, consists of water, s^ts and dissolved gases ^ (NaCl* NH4NO51 
NH3N0^, CO^, O2. N2. 

Since this temperature is well below that of the glacier the eutectic point 
is probably never atoined and the salt persists as liquid films notably toAvards 
the snout Its higher density; hoAVcver* tends to drain it away to lower levels 
to thicken the films at greater depths. With cxlreme cold the grains freeze 
firmly together and the ioe breaks oonchoidally. 

Since impurity depresses the melting point, preferential melting vrWl mark 
intergranular surfaces j experiments show that the intergranular film has a 
lower melting point than the grains^—the preferential intergranular melting 
is also attributed to the non-crystalline state of the ice at me intergranular 
boundaries^^ Water so released arrests the suites rays and exposes to their 
action an active surface in the interior far exceeding the outer surface. 
Gutters separate the grains and drain off tlte Avater leaving air spaces Avhich 
cause the discreet masses of ice to be discontinuou$ and produce a white 
coating 2 cm thick. Internal melting* once begun* opens up a ma^ of 
delicate capillaries*^ (they are not delineated at Ioav temperaturea) so that the 
snout on a warm day becomes nodular and its grains etch out and finally dis¬ 
articulate as Hugi noted in i822“"tlus is the I'Ingi effect . In west Green¬ 
land the granules are sometimes so numerous that glacier streams sweep them 
away to build cones fronting the glaciersJ In the hollows of the ^rough 
Capillary surface mud collects and forms small, rounded masses or mud- 

balls”.® . . ^ 1 

There is also melting along the laminae* tach grain consists of count css 
flexible thin plates*^ 0*25-0-5 mm thick* Avhich are compoMd of numerous 
parallel and delicate needlesand are arranged parallel with the base ®f 
Crystal (they' are said to be absent from typical Antarctic ice ). Dryg s m 
regarded the plates as fundamental and the grains as a product of their union. 
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The plates emerge on die outside of the grain as fine ridges, noticed and 
figured by Ag3SSK*i3 These “Forers stripes”!^, which may be crossed 
at right angles by a striping made by melt-channcLs.is have been erroneously 
regarded as due to two faces of cry-stallisatiqn alternating'* or as a peculiar 
kind of melt-water feature unrelated to the axes,'^ Somewhat different 
stripes (Ger. Plattetistraftiug^^) have been seen on lake- and fjord-ice.'® 

Interlaminar melting is induced^® by salt-solutions or dust particles and 
gives ri^ to Tyndall’s " melt-figures ”2' (“ water-fioivcra ”; ‘'jcc-fiowers 
Agassiz22 figured them and interpreted them as flattened air-bubbles. They 
appear in early stages as cavities or negative crj-stals, more or less circular, 
and later become six-rayed. The rays have rounded terminations, the 
rounded shape being apparently* more general in glacicr-ice, the star-shape in 
lake-ice.2i 

The cavities, which are really etch figures, result from contraction at 
melung and the star form from the different rate of heat conduction along the 
crystallographic axesi,^'* Since they are perpendicular to the optic axis 25 or 
in the plane of the laminae, they provide a useful means of finding the orienta¬ 
tion of the grains. 

Thumb-print ice» The major forms of melting on a glacier resemble the 
solution features of the karst.» Porosity, solubility and planes of weakness, 
characters of both ice and limestone, permit cone-shaped hollows, water-holes 
or glacter-mills, caves and subsurface stream courses to form. They facilitate 
tM a comiptjon of the surface by long ridges and gullies, more or less sharp 
edged, 1 features are found in v-arious parts of the world,=7 paiticularlv 
on glaciers ( ^rst glaciers”) which are gently inclined and move slowly. 
I humb-pnnt ice, meridian holes and craters, w'ith or without a pipe, Karren, 
caves and subsurface river courses and blind and dry* surface river channels-^ 
all have their counterparts in limestone countr>-. Any difference there may 
oe IS due to now and morainic cover in the case of ice. 

^ Thumb-print ice2* (Ger. Fir/uchuk), which occurs on the surface of the 
as well ^ m creva^cs and ice-cavra, resembles solution hollows in lime¬ 
stones. It has irregular, saucer- or funnd-shaped depressions, r, lo cm in 
diameter, and otigmates, especially at the end of summer, by solution, insol¬ 
ation, warm winds or intercrossing systems of wind ripples. H. Spethmann 2® 
'n Iceland three modes of formation, the first due to warm 
winds, the second third being modifications ixspectivelv of wind ripple 
mwfe and of the thin cov^r of dust distributed as ripples, the prime cause 
« of the snow. Though compared with 

nXr'ff ■^'^earded as their incipilnt fonSs, thumb- 

print ice is seemingly quite distinct. ^ 

penitenta, so caUed because they stand like hooded 

SSSid likl rob£^ processions of Holy Week or as devotees wrapped in 
shroud-hke robes doing penanec (Fr. tiieva A p^iftenUs\ Span. Itatiiaias 

fn were first observed by Danvin 

intercstiS of Mendoza.'' rhesc most fantastically beautiful and 

lariS S'juth America be^veen 

were ‘ as m Argentina, Chile and Ecuador, and 

were thtrefone demed peculiar to the Andes. They occur, however eise- 

Himlvr'iT f if ^ Kilimanjaro, in Tibet 

Himalaya and Karakoram Mountains,34 and in the Canary* Islands,while 
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rare and related but njdfmentar>^ types, difFering possibly only quantitittJvely, 
are found in the cold temperate scones.^® e.g. the Alps, West Prussia, the 
Brocken of the Hara, Black Forest, Bulgaria, Iceland, Mount Etna, the Sierra 
Nevadas of North America, Hawaiiand even in Greenland's and Ant¬ 
arctica.^^ Their lower limit follows a similar course to that of the climatic 
snowline. 

Penitents, in their equalit)^ of detail and grouping of the whole, stand out 
with rare uniformity, symmetry' and regularity. They are roughly elliptical 
and pyramidal and occasionally acicular* The apices lean over equator^vards 
at an angle which le^ens with latitude and corresponds with the elevation 
of the sun at midday.'^ Their height, which is usually i ‘5-^ 0 m but may 
be 6 m or even 7 depends apparently upon the season and upon the stage 
of evolution^ It diminishes as the altitude increases^ each array of penitents 
presenting an orderly appearance. They are arranged on horizontal or 
inclined fields in parallel rows"*^ (pL IHBj p* 64), never united into continuous 
ridges, and run east-west in Hawaii, centra! Africa^ the Himalajiis and 
Andes. On Kilimanjaro, two sets of ridges were described by F. Jaeger, 
I'. Klute and C. Uhlig. \\\ H. Workman's eight ty pcs"^^ are not all genuine 
penitents: they include diverse forms such as seracs and decapitated shafts 
of glacier-tables. 

F. E. Matthes"^, who lias named the forms at higher altitudes “sumpits"' 
and the shallotv forms at low'er elevations ^Mioneycombs^* or sun-cups” 
(— thumb-print ice), has shown the progressive development of sun-cups, 
pits. Spikes and pinnacles with dtitude. 

Penitents are almost invariably associated with neve of uniform density 
and exceptionally cover its entire surface.'^s They' arc rarely found in 
avalanches^^ or in glacier-ice'^^—they occur in parasitic glaciers in the 
Karakoram Mountains*®—and never wholly in freshly fallen snow, though 
snoAVj firn and ice penitents are distinguishable and a penitent from the cusp 
to the base often grades from soft snow through hard neve to hard and com¬ 
pact If snow falb on a field already well developed, the evolution 

continues in the new snow', having the originaJ form as a basCn Annual and 
perenjiia] forms can be recognised. 

These striking fejitures result from the strong solar radiation acting in clear 
cold air iipon nev^s which arc uneven in surface or texture; their material is 
denser than that around thcm.^o That they require peculiar conditions is 
fairly certain but what these are must remain somewhat obscure until careful 
local studies have traced a full developmental scries. Ihej' are usually 
attributed to intense and prolonged solar radiation in regions with uniform 
meteorological factors, a constantly high sun^a altitude, summer cloudiness 
and dryness^ and a temperature over long periods below 7 he unusual 

combination of intense solar heat and cold dry' air is essential. In Hawaii 
the development is most effective where the motion of the sim near noon is 
pmctically in a vertical plane with only flight movement iti the azimuth. 
Hence they have been regarded as a tropical glacier or tropical 

volcano t^'pe”,^^ arising when melt^water is diffused or evaporated in the 
fim^* or from some inherent or antecedent irregularity' or unevenness of the 
surface.This may be due to snow collecting irregularly in calm air or to 
a density difference produced by wind packing^ or arrangement of dust by 
wind^^^ by avalanches or creep,^® or by partial fusion which contracts the 
volume.^^* Analogy^ with limestone Karren^ is probably erroneous since 
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penitents do not follow the gradient. Thoiigh they may have been cut from 
continuous parallel ridges*! this seems doubtful^ 

\Mule wind may not always be essential ^ $iiicc penitents are occasionally 
found in wind-sheltered places*^ or oblique to the wind (these may be local 
deflections, by rock walls or valleys) ^ they would seem to have been formed 
in general under its influence^ w^hich, by producing an excess of evaporation* 
co-operated in evolving the fundament^ type. They are best developed in 
the Andes because here the winds have a fixed direction. 

Dust wells. Dust scattered over a glacier aids ablation considerably. 
Its greater specific heat or the action of melt-watcrs when it b once submerged 
cause it to melt its way into the ice to form dust wells.*^ In the Antarctic the 
few dust wells, of a medium diameter, are r. a cm deep; In Spitsbergen they 
arc 10-30 cm deep and in Greenland 5-10 cm broad and 50-60 cm deep, 
shallowing inland. The depth, which varies with the nature of the ice, is 
apparently a function of Latitude: it expresses the difference between direct 
and indirect ablation and is conuolled by tlie inclination of the sun's rays 
and their absorption in penetrating the water to the sand grains. The wells 
persist from year to year and build definite horizons in the ice, except in the 
lower parts of glaciers where direct ablation is greatest. 

The tvater in the w^ells freezes at night into needles radiating inw^ards from 
the walls. By repeated freezing these form " glacier-stars which completely 
fill the hollow^ and later become granular by pressure. The included air- 
bubbles also radiate and merge in the centre a$ a bubbly core. 

Meridian holes. Meridian holes (Irons or bagnoires (syn. 

Mitiogl^her^ F- Keilef; Kellerl^ker^ E. Desor) are the type of dust well 
which, first correctly interpreted by S. SUider in 17S7, deepens to the north 
and is semicircular, the chord of the arc being directed southwards. I'hese 
glacier sun-diaJs'' become shallower w ith altitude, as on the Rhone Glacier.** 
On the Gomer Glacier where they are extremely numerous they are often 
I '5 m across and 0-8-1 -o m deep.*^ Greenland has similar forms^*® 

The slight diathermaej' of the ice*^ enables dust and blocks, though com^ 
pletely buried to a depth of 2 cm, to melt the ice around tlieni. The water 
escapes by the capillary net and a prism of space develops above the object 
with a corresponding base-section—Agassiz'^® sought to explain erratics on 
roches moutonnees in this way. 

Cryoconite. A. E. Nordenskidld^! described as " ciy'oconite a fine grey 
powder which he found strewn in heaps or in dust wells (cryoconite holes) 
over the^ioe of Greenland. Subsequent research has discovered it In Spits¬ 
bergen^^ Antarctica,where thaw and melt-w'atcr help to develop them. 
NordenskiSLd* with others, ascribed to it a cosmic origin because it contains 
spheruliics of magnetite. But the crjwonite has been transported by the 
wind from nunataks or naked rocks and moraines along the Ice-marginas 
Nordenskibld^^* aftenvards admitted for part of it. Thus the dust lessens 
into the interior of the ice-sheets'^^ where it is practically absent—the small 
extent of the ice-free areas from which it could be swept readily account for 
its virtual absence from the Antarcticits composition is similar or Identical 
^ ^11'^ pruve^^; and it contains green algae, rotifers, leaver, pollen, insects, 
small birds and decomposition products of ptarmigan excrement.®® 

Glaciev-tables. The influence of detritus on ablation is well seen in the 
glacier-tables, a name first used by Hugi.®l As de Saussure and G. Studer 
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boulders stand oil lengthenitig stalks or pedestals of ice, up to 
o-5-T ’O Jti high^^ in the Alps, which have been protected while the surround¬ 
ing glacier has wasted aw^av' litholog^% colour^ shape and position of^the 
boulder are significant. They occur singly or pro^sely, notably near rai^d 
median moraines or the inner edge of lateral moraines,^ but rarely in badly 
cre^Tisscd areas ■or the low'er parts of glaciers w'hcre the air temperatvire is 
higher. The scone most favourable to the development of table3 moves up 
the glacier as the summer advances. The protecting blocks slant equator- 
wards because the melting Is unequal, and slide off their shafts in that diac¬ 
tion or tow^ard the heavier side: this lateral wandering helps to widen 
moraines towards the snout. The distance through which a boulder mm es 
each time depends upon the pillar*s height, the shape and size of the bouidcri 
and the nature and slope of the surface. If this is steep the i^k may slide 
quickly w'lth jumps of ^ km and inscribe pronounced furrow-like tracks. 

Tabling occurs once a year in the Alps,®^ occasionally twice, though tables 
may last for i5-:30 vears.®^ It is rare on n^v^s and avalanches 
tables*’ do, boweverj occurin polar lands where meltmg is smsdl and 
the sun is low, though tables have been seen«5» in Spils^rgcn on the M^a- 
spina and other glaciers of Alaska, and in the Antarctic {Heard s an )+ e 
average height is less in high than in loi.v latitude$-'^ i- 

Morainca too protect the joe, as de Saussure^^ observed, so that linear 
moraines rest on walls of ice. Their rehtiye height is enhanced by the lower- 
i ng of the sur rou nding glacier, aided by radiation from the moraines. e jan 

moraines mav in this way be margined by depressions^- or even 
in the icc.’^ On the Bowdoin Glacier, west Greenland, a moraine was sunk 
3-5 m, and longitudinal depressions, up to c. 90 m wide, mark the course ot 

some jVntarctic moraines. , . .. , 

ITtin stones, prticolarly If dark coloured, behave differently from thick 
ones. Like leaves or insects, « they sink vertically and m follows as 
J. H. Holtinger^s first correctly surmised in 1706, though he erroneously 
thought thev^us bored their way to the base Others 
since^thcir critical thickness, which vanes with climate and latitude and '^>th 
the purity of the ice« neither facilitates nor retards 
Fedchenko Glacier thb tliickitess was 20-25 cm. edgc-shapcd 
naturally move unevenly. Studies in Wyoming^J show t^t blwB which 
shield the ice at the beginning of the sum^r met ^ ‘ 

season advances, especially if they rest in the middle of a glacier. 

Craters, Glaciers are sometimes studded with large hollows (Fr. etiton- 
noirr. Get. Glel^chertrkhter). 'Fhese have ^n 

with the enlargement of crevasses, mth vcrti^ ^osion and with undermining 

and collapse and the sivallow-hol^s of the Karst. 

S. Palsson observed them in Iwtod 117^J ^ 

and correctly interpreted them m 1783, 1 n y _ thrust olanes 

„ »„r .bov. moulin. .lone 


land-ice: ablation 


62 

perimeter where melting compels the cone to spread« A collection of 
small stonc$* a single weathered block or the shaft of a glacier-tahic which 
has lost its protecting block may produce a like resuit^^^ (pi. facing p. 65). 

Factors goveming ablation. Ablation^ a term of Agassiz^^^ which con¬ 
notes the joint processes of melting and evaporation that contribute to the 
consumption of snow and ice, is superglacial, englacial and subglacial. Sur¬ 
face ablation increases steadily toward the snout as measured by borea, 
stakes and tabling and seen in the glacier's progressive diminution in cross- 
scction^ in the melting out of englacial debris, and in the increasing import¬ 
ance of surface and marginal streams. 

The emergence of boulders was regarded by the Swiss peasants and by 
early writers^ e.g. F. J. Biseix, F. J, Hugi, G. Bischof and E. de Beaumont, 
as due to a kind of organic function, the impurities being expelled by extrusion 
from cre\'a5ses upon freezingor by lateral or forward pressure and dilata- 
tion*^^^ T. de Charpentier^^^ suspected it was due to surface meltings a 
conclusion later demonsby his brother and J. G. ;\Itmann, 

Ablation is affectedby the sun^s rays bearing directly upon the surface 
or acting indirectly by reflection from rock-w^alls or hy conduction through 
morainic debrisj by warm rain and thaw water, by evaporation and wind, and 
by calving. Radiation is supreme on tropical glaciers, as on KilimanjarOp^^^and 
where its angle of incidence is high. Thus, the ablation on the Vemagtferner^ 
with an angle of 83° to the summer rays, h 20-25% higher than on the Hinter- 
cisfemcr with an angle of 57*.For this reason^ ablation diminishes with 
increasing latitude, though the amount is complicated by the duration of the 
radiation, the condition of the air, and the strength and temperature of the 
wind. Since melting depends upon temperature^ unless there are surfao^ 
snows,^^^ it will be more in summer and during the day (in the Alps, there is 
almost none during the night] and on the sunny side. In polar regions, 
although restricted to the few' summer months, it is relatively large on 
account of the 24-hour day w'ith continuous light, strong radiation and little 
cloud. It is greater in west than in east Greenlandp^lS and i$ especially high 
on plateaux whose w'hole surface is exposed to radiation during the circuit of 
the sun. Even the highest ice in North-East Land is attacked.! 

Evaporation w'hich depends upon humidit)^ wind, pressure and the 
temperature of the ice-surface is by no means negligible!^® and is important 
at greater alutiides and in vviivter."^^! It incre-asea somewhat in proportion 
to the square of the wind velocity!^ (w^henoe its importance in the Antarctic) 
and is indirectly proportional to the air pressure.!^ It is high in the tropics 
where, as in Greenland and the Antarctic, wdnds descending upon the 
ice from the high surrounding walls and suffering compression, axe relatively 
dry. It is affected by insoLitfon *25 which, as in the Antarctic^ may be 
considerable. 

W ind is very impo^ani^^^ in North-East Land and in Antarctica tvhere its 
exceptional velocity is largely responsible for the present starving of the 
glaciers. It inflicts lo5$ by evaporation, even where the air is below freezing 
point, and by mechanical abrasion,^^^ though this is insignificant in west 
Greenl^dJ^* In the Antarctic (Adelie Land),, it sweeps clear a strip 60 km 
broad.!2^ Its action is unusually strong when it has a foehn character,*^ as 
On Jotunheim in Norway and on the Karajak and other coastal glaciers in 
west Greenlandn Here the foehn which beats in wdnter and spring on the 
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sea-ice with great force and tears it and drives it out to sea, may have a 
temperature as high as 10* or i6°C in vvinter,^^^ In the Alps, the daily 
ablation may rise from 3 or 2*5 cm to 5 cm,*-^ 

I'hat rain exerts an influence was shown by Agassiz on the lAJiiver Aar 
Glacier, Its significance, however, may he overestimated. It is naturally 
unimportant in polar lands and even in the Alps is only a minor factor because 
of its low temperature which is 1 •r-2'8‘*C beloiv that of the air.^^ 

A glacier may also be arrested by unusually big moraines deposited at an 
earlier period 1^5 or by the sea, in the case of a tidal glacier,1^6 where as in the 
Turner Glacier, ,Alaska, the icc ends in a fairly straight cliff. ITie strength 
of the melting and calving depends upon whether the water is fresh or salt, 
deep or shallow, quiet or actively moving. Rivers which pass at the snout 
may also successfully attack a glacier's front in the same way as they are 
known to check the advance of a dune, 

Ablation is much diminished if moraines are abundant, ^ They may reduce 
the daily amount in the Alps* ^^ by 1 m or to only one-third of that of dirt- 
free ice On dirt-protected parts of the Hintcreisfemer, the reduction is 
c. 15% and on the Met dc Glace in the ratio of S' 3 “ 2 ' 9 ’ Al^'ncr- 

femer, ablation actually lessened appreciably towards the snout owing to 
protection by median moraines. Hence, excessively dirty glaciers, as in the 
Himalayas or the Lower ,\ar and Z'mutt glaciers of Switzerland, arc longer 
than they w'ould otherwise be. Excessive debris at the snout, as in ,\laska,*‘^ 

may cause stagnation, . 

Condensation upon the ice, as Hugi and Rendu early recognised, provides 
further modification.!"*! It is only slightly less than the evaporation in 
Sweden and, as on the Rh6nc Glacier and at Davos, may exceed the loss. 

Since A. F-schcr sank stakes into the Aletsch Glacier in 1841 to ascertain 
the rate of ablation and Agassizmade similar obseni'ations on the ,Aar 
Glacier, very many like determinations have been made,i'*J as on the Mer de 
Glace, ,\letsch Glacier, Pasterze, and Jostcdalsbrae, and more recently and 
accurately!-*^ on the Rlidnc Glacier, Lower . 4 ar, VMsrnagtfemer, Hintcreis¬ 
femer, PastetTc, and in Greenland, Yakutat Bay region, and in North-East 
I,and where formulae have been deduced relating ablation to meteorological 
factors.!« Mean monthly values on the VatnajBkullshow that the lugher 
the altitude the more ablation is confined to the summer and tl^t, as is 
probably true of most glaciers whatev-er their type, the “hlatton decreaKs 
rapidly with altitude near the margin. Observations on the RhQne Olacier 
and Hintcreisfemer suggest that the mean annual ablation below the snow 
along the length of the glacier varies almost rectilmcarly with altitude 

^ Considerable difficulties attend these investigations j for example, the rods 
affect the ablation around them and the surface decays unequally, evp in 
places 1 m apart, and the snow- also becomes compacted. In rerent times, 
ablation has been measured by recording instruments, viz. the ablation- 
gauge and the ablatograph,!-** .... . , 

^ Enough is now knowm to obtain a fair quantitative idea. fwl?! 

at the Alpine fimlinc is 2-2-5 di minishw tv ith _ 

of r, 1 m for cver>- 100 m on the Rhone Glacwt {but vanes much fmm ear 
to year) and at an average of 1*25 ni on the HmtercisftTner, Greenland 

registers a like diminution, the annual loss at ^ T^nf-fA^nlv are 
6^ ro 1*05 m. Other Greenland figures, of probably local interest only, are 
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as follows: 50 lUp 4-4 m; 270 m, 3 9 m; 570 m, 3 6 m; and 950 tn^ 1*6 m. 

I less has given the annual loss 400 m below the snowline at t. 4 m in the Alps, 
f. 2 m m west Greenland^ c. 33 m in Scandina%^ia and r, i -4 m in north-west 
Spitsbergen. That these figures represent enormous losses may be gained 
from the follow ing estimates ^: onc-fourtcenth of the ice of the Col dc Grant 
Glacier melts in its passage from the source to the snout; the loss on the 
Mer de Glacier de Chamonix was 50 rn in 15 years or one-eighth of the 
glacier in 50years; the Vemagtferner lost in 40 years 239 million cu. m and 
the Hintereisfemer 10-2 million cu. m per annum (see p. 141)* 

Superglactal streamSp In subpolar and high polar glaciers little or no 
water runs off: it freezes and crystallises on the glacier. In temperate lati¬ 
tudes melt-^vaters do occur. They gather into rills and streams which^ 
notably during spring and summer, course along radiation gullies margining 
the ice or channel it in meandering canyons ^ up to 10 m deep, with specific 
flu via tile forms p, 65). Their velocity is high because their sides are 

smooth and they are generally clear and free from debris.l^* The gorges arc 
narrower than if cut in rock since ice-flow constantly replenishes their walls. 
’'They are i m deep in small Alpine glaciers but become deep and broad, 
with lake-like expansions if the ice has lo^v slopes and few crevasses^ as on 
the Maiaspina Glacier and the marginal ice of Greenland, Extreme cold 
makes them shallow in the Antarctic 

Because of the serious dow^nward percolation which takes ^placc even at 
high altitudes, rills are rare in the n^ve except at the steep periphery,!^® 
where, at least in certain cases, more water may be received by the glacier 
than anj^’here else over its whole surface. Shallow ponds and Lakes are 
found above the snowline^ especially in the lee of nunataks. Surface streams 
which vary in volume according to the season, time of day, and weather con- 
ditions,*^^^are few above the snouts owing to percolation through the capillary 
net and crevasses. 

Surface streams and crevasses, especially the transverse type, are naturally 
mutually exclusive. Streams plunge dow^n crevasses and vertical cylindrical 
shafts or moulins to join the englacial and subgbeial drainage. In little 
streams, these *^glacier-mills”i<^ (Ger. MQhle) may be dry' during the 
winter; in big ones, only a fraction is sw'allowcd up^ the rest flo\vs on. The 
shape of the shaft w^hich is perhaps leas regular than commonly supposed, 
is determined by icc-pressure and by melting furthered by the descending 
water or ascending air. The diameter is often only 1-2 m but may be as 
much as 6 m: the depth is considerable though mostly unknown (see p. 47). 

Moulins arc found in almost all glacier-regions, as in Greenland. They 
are parallel with the ice-flow^and move with the ice around them except 
towards its margin where they tend to be slationarj. Lines of deserted 
moulins, serv ing frequently as blow holes for escaping air (Ger. Wufdloclifrjj 
pierce the surface below ice-falls (Tyndall observed six of them on the Mer 
de Glace) and persist sometimes for several months. They disappear* 
particularly towards their base, as the ice closes in around them and in their 
upper parts by surface ablation. Gltimatcly there remains only a blue 
circular patch, the cross-section of the cylindrical plug of frozen ice, which 
usually lies on a crevasse scar**^ (see p. 47). 

Basal melting. Loss by basal melting h difficult to assess. While some 
think it exceeds surface-melting it trifling in accord with 
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A, Ogives and cnevassL-s on small glacier east of liarlcA Lake, St. Hlias 
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B, Supur^bcial stresTn, i;;lacit:r cas^t of Arkhanj^d Bay, Xuvavi) Zemlya 
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observations in west Greenland, with calcnilatiDns on the Hintereisfemer^ and 
with theoretical considerations which make it only z% of the total melting, 
or, as on the Rh6ne Glacier, 4-3% of the surface melting. The factors in¬ 
volved arc earth's heat, springs, basal and internal friction, and especially 
waters and air-currents which have penetrated from the surface, particularly 
near the margin. The earth's heat is unquestionably a factor —^it has been 
estimated at ^+5x10“* cal/sq. cm/sec^^^—and unlike tlic other factors is^ 
constant in its action. Its effect, however, is hard to evaluate; for subglacial 
temperatures have, generally speaking, not been measured. Such melting 
is probably very subordinate if glaciers. He high and have little gradients e^g* 
Lower and Upper Aar Glacier, but is importantin glaciers which run in 
narrow gorges and at low levels, c,g. Low^er Grindelwald Glacier, fi. dc 
Beaumont^^^ cdctilatcd that it melted an annual thickness of ice of 6^5 mm* 
Under the Rh6ne Glacier it was less than a'8 l./sec/sq. The basal 

melting of Alpine glaciers is less than 53 cm/annum.^^ A. Hamberg's*^^ 
figure of O'0o6 mm for the daily loss b in rough agreument with recent cal¬ 
culations which, though varjung a little among themselves,justify a work¬ 
ing figu re of approveimately 7 -4 mm/annum* The melting by inte rnal friction 
may be ten times as great. 

The Icelandic jGkullhlaup^^^ {IccL jakelhb) is exceptional in this respect. 
These devastating floods have been recorded from a.d. 1201 onwards and 17 
are known from tlie last two centuries, including the debddes of 17^1 and 
1755— the most celebrated localities arc Katia at Myrdalsjokull and Grims- 
votn in Vatnajokull {see fig, 84, p. 454). "llicy result, as Patsson^^^ noticed 
in i794t (tom the sudden drainage of ice-dammed lakes (glacilimnogcne) or 
the catastrophic melting by subgtacial volcanic activity (vulcanogene). The 
water causes the glacier to swell and tlie ice to 'Vrun out”, as the Icelanders 
call it. It excavates tunnels and when freed makes way through and over 
the icc-masses below or sinks down upon the glowing lava, being converted 
into steam with tremendous explosions. The mixture of water, lumps of ice, 
volcanic debris and gravel rushes out to spread over the country outside the 
ice-margin. The^vjGkullhlaups, among the most violent of natural catas¬ 
trophes, have devastated the coastal plains of south Iceland and have stamped 
this part of the island both morphologically and economo-geographicaily* 
Time after time they liave ravaged the coastal areas south of the glaciers, the 
volume of water ihrowm out during one short eruption amounting to some 
milliards of cubic metres: in three day's the Jcikullhlaup of 1934 gave 
64,000 cu- m/sec (the Amazon gives 74,000 cu. m/sec) with a total volume of 
10^15 cu. km and that of Kalla in 191S probably not less than 200,000 cu. 
m/sec. Outw'a$h plains are tlooded, bergs 2CH-30 m high are propelled 
towards the sea, and huge waves arc generated along hundreds of miles of 
coast. 

Vulcanogcnc '“hlaupa" were apparently responsible for kdand's “psJa- 
gonite fomvatioti”,J 7 ^ a great scries, c. looo in tltick, of globular basalts and 
tulTSf breccias and glacial jrioraines and fltivioglacial inaterials, since reeks 
whollv similar to them have been formed during recent cruptions.iw Obser- 
\-ations on Grimavotn seem to show that the eruptive products and the course 
of the eruption change in diaracter when the subgLacial eruption becomes a 
subacrial eruption owing to the penetration of the overlying ice. Similarflwi^ 
have also been seen on Cotopaxi and in Kamchatka' and Sintsbergen_ _ 
and may have been associated with Pleistocene glaciers in the Caucasus,' 

S—Q,E. I 
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North American Cordillera 1^4 —jn British Columbia Pleistocene lavas enter¬ 
ing glacier-lakes had concave fronts and other abnormal features — and Ross 
Sea sector, Antarcticax^®^ 

Subglacia] streams are known from their mnfilcd roar w hich in some large 
arctic glaciers can be followed for miles. 'Pheir undulating tunnels, which 
rise and faU in response to the irregular bed^ appear at the snout as vaults, 
usually 1-5 m, exceptionally 40 m high^®^ (Ger. Gletschertor), Small or 
hanging glaciers may have several caves+ large glaciers only one or two. 
l‘hey are axial in Alpine valleys but lateral in the A retie where the surface 
ice is very cold. 

That streams flow under great hydrostatic pressure is evinced by the 
<!pritigs and fountains*®^ wbich spout out on the ice, sometime^ accompanied 
by cones of ice in the radiating fissures, and by the tvaters^s? vvhich boil up 
at the side? and snout in the sea or lee-fjords to a height of 3"S“4’S m and 
make appreciable currents, recognised by discoloration as in front of the Muir 
and M^aspina glaciers. I'he velocity, ho^vever, as in the case of the Mer dc 
Glace j is less than in surface streamsof the same grade and volume — 
fluorescein experiments on the Rhone Glacierdemonstrate that it i$ only 
half^ — because the channels are narrow and the enclosing walls exert friction. 

EnglaciaJ streams, evidence of which is seen in crevasses or ice-caves, 
e.g. in the face of the tide-water glaciers or in tiie dry tunnels in overturned 
berg?, or occasionally in concentric crevasses surrounding a circular depres¬ 
sion on the ice-surface, arc fed from melt-waters which circulate along the 
capillary nets or cascade down crevasses and moulins* — ^Agassiz^^^ thought 
each moulin had one cltanneL ThcEr winding tubes which liend sharply at 
the intersection with crevasses may have a considerable cross-section; the 
Muir Glacier had one of c. 16 sq. Tn deep glaciers, they probably run 

at or just below' the base of the zone of fracturc.^^ 

E?ttraglacial drainage, Superglacial drainage is especially characteristic 
of active glaciers, subglaci al drainage of stagnant ice. ^ ^ Waters st reaming on, 
in, under, or alongside a glacier unite as extraglacial streams; some of the 
world's best-known rivers, e.g. Rhine, Rhone. Aare and Po in Europe, and 
Ganges and Brahmaputra in Asia, issue almost full-fledged in this way. The 
flow varies with the size, aspect and steepness of the glacier (the volume per 
square kilometre of glacier-basin decreases w^ith increasing gladattoni^®), with 
the surrounding relief and with the time of day and season and with such 
'^accidents * as the closing of subglaeial channels and the dbappearance of 
extraglacial lakes. The regime of rivers fed in this way is largely controUed 
by the glacial mdting,J 5*5 for example in north Italy and the Swiss Alps, 
and not by precipitation^ At the sinking of the suit melting virtually ceases. 
The effect^ first noticeable in the ndvi^ is not immediate but suffers a delay 
which increases with a glacier's length, just as the rise in a glacier stream 
lags behind a rise of temperature. Thus on the I^wer Aar Glacier 2tlie 
minimum is at 10 a.m., the maximum at midnight, though the Rhone Glacier 
has earlier times in w'inter. The daily variation on this glacier increases 
from spring to summer but in larger glaciers may be concealed by variations 
produced by the weather. 

The seasonal wiatiDn,^^! which is reflected in lake-levels, e.g. Lago 
Maggiore, Lago Lugano and Lago di Como,^^^ has a lag in time of onset of 
maximum and minimum, the maximum reacting more quickly. The volume 
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falls at first rapidly, th^n more slowlyp and finally passes into the winter 
minimum.^^^ Winter flow 204 almost nil in some small Alpine glaciers, 
though snow and percolation into the duvioglactal material among boulders 
and rocks make accurate measurement difficult. Nevertheless, there is some 
winter flow under almost all glacierSp even in arctic lands,20s foi- example 
in Greenland and Spitsbergen» Some of this may be due to basal ablation 2*^ 
occasioned by mechanical friction or earth's heat, to the friction of the glacier, 
and the retention factor of the glacier—this depends upon the aixe of tlie fim, 
the gradient and the amount of crevassing—but most if not the whole comes 
from springs within the glaeier-basin,2t^'? the amount depending upon geo¬ 
logical structure. Thus ablation is either absent or insufficient and 
glacier^streams arc limpidhave a higher temperature in winter,^^^ and 
contain much mineral matter at this season.Hollows at the surface in 
certain glaciers in the Caucasus and Karakoram Mountains suggest warm 
springs immediately beneath .2^ 2 The greater regularity of streams fed by 
glaciers compared with those which are not so fed caused their \vide-sprcad 
adaptation for hydraulic w'orks and for irrigation purposes. 

Glacier-streamsare a little above o°C when they emerge, as early noticed 
by de Saussure^i^ and G, Bischof,2is and warm steadily as the distance 
lengthens and they come in contact w ith warmer air above and warmer 
ground l>eIo%v—the rise induced by this factor is 0 ' 47 *^ ^ fall,^^^ 

The actual rise depends upon the stream*s volume and velocity and the shape 
of its channel The temperature vTiries^^^ too with the time of day> from 
day to dayp season to season and year to year* 
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Chapter IV 


CLASSIFICATION AND DISTRIBUTION OF 
LAND-ICE 


Classification 

The classification of glacierst until the end of the last century, rested 
mainly upon those of Norway, Greenland and the Alps. l*hus the classifi¬ 
cation then generally adopted^ was that of Heim^ who distinguished an 
Alpinet a Nomegian and a Greenland typ^* A fourth type, variously termed 
Alaskan, Malaspina or Piedmont, was added after the Makspina piedmont 
glacier of Alaska was discovered and described (sec hdow). 

More recent classifications, ^ which resulted from extensive and intensive 
studies in polar regions since about the year 1890, recognise the importance 
of polar ice^ and show* more complexity and differentiation of ty pes. They 
are based alternatively upon topographic forms and land relief, upon the 
intensity of glaciation, or upon the stage of glacial development. Others 
divide the glaciers according to the area of ke-supplyt of ice-movement and 
of wastage .4 

Geological rock-types and structures also influence a glacier's shape. 
Thus porous rocks may explain why the Limestone Alps have few glaciers^ 
and the want of ice in Jameson Land, east Greenland.^ West Greenland too 
presents glacial contrasts^: the gneiss lias plateau glaciers, and horkontal 
strata (sedimentary rocks and bvas)^ more especially basalts, have valley 
glaciers. This influence was subsequently discerned in Sverdrup Land,® 
where the ice-cap is confined to the Archaean rocks. In Spitsbergen^^ three 
regions, related possibly to unequal absorption of heat, may be distinguished: 
dissected I leckU I look country^ with valley glaciers, sandstone plateaux with 
“step glaciers", and Pre-Cambrian rocks with ice-caps and plateau glaciers. 
Glacierisatlon Is less among horizontally bedded sedimentary strata, e.g. soft 
sandstones, than among crystalline rocksin South Georgia, Graham Land 
and King Charles Land, 

The subjoined classifleation which omits reference to perennial ice or snow- 
fields or to intermediate or transitional types acknow^ledges the fundamental 
control by the relief and alimentation. The several types in each main 
category fall generally into a receding hemieycle. 

Since each Kpe is repeated wherever the necessary' relief and climatic con¬ 
ditions reappear, no one type will be peculiar to a particular country. Conse¬ 
quently, geographical names such as Alpine, Norwegian and Malaspina, are 
better avoided. 


Cftnnjifation of Land hf 


1. Shc<t~ice cIcv-Btcd land^ 
(a) oixitinent^E icMhects 
(A) hif^lind ic^-citpsi 
Isl^d 

d) pUtcBu ji^lncicri 


MounlJiin 

(a) reticuliiF glaciers 

(A') dendriue j^Eaciers 
(£) vnllfly E^laci™ 

(d) cirque gl^cicn 
(c) tuiji^fig 
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CHiisiiJhcaiion cf Land Ic£ 


3 . l«ow 1 and gltdcn 

(d) piicdmdTiE j^lacicra 
(16) eepnnded-fooc gldcicr^ 
(f) rcconsmictol gincbrs 
(tf) iu'stdbd 
(f) fringing gi^icn 


4. Tramitiofi tct 

(d) fihelf-tDt 

(&) floating glacirr-tdngiun 
(c) ice-foot 


I. Sheei^ice on Elevated Lands 


The various kinds of sheet-ice (Drj'galski’s FliicAeneis\ differ in the extent 
of their glacierisation and therefore in the degree of control bv the under¬ 
lying relief, 'finis continental ice-sheets are almost wholly independent of 
their foundation while this control in the case of the plateau glaciers and 
carapaces is most marked. F. E. Matthes't distinguished between icc- 
caps (which include ice-sheets and plateau glaciers) and icc-strea ms (which 
embrace mountain, vallej' and intermontane glaciers). 

Continental ice-sheets, hor this type there is almost universal assent: 
it constitutes O. Nordenskibld’s “continental glaciers” Hobbs' “ice cap 
type", and the “inland ice” of Drygalski, Ferrar and Gourdon. Early 
WTiters, following H, Rink (1S51), named it Isblink from the peculiar light 
seen over the inland ice when approached from the sea (see p. 192). The 
term inland ice lias generally been employed in a quantitative sense but has 
occasionally been used qualitatively, size then being deemed of secondary' 

importance ,'2 


1 he continental sea of ice" or “ice-inundationis largely independent 
of topographical irre^laritics which are small compared with its thickness. 
Tte low, flat, shield-like dome rests at the margin on high plateaux, as in 
Greenland, spills over the edge in wall-side glaciers,'^ or drains off as well- 
defined valley glaciers. To the present representatives in Greenland and the 
jyit^tic which together form at least 97% of the area of all existing 
glaciers (cL p, 94), the Pleistocene added others which buried North 
America and Nordi Europe. 


Greenland. Although Greenland's vast size was suspected as early as the 
teginning of the 13th century when the Kanm^rasp^ela or Kanjtifpsskupgsjd 
(King s^ Mirror) was w ritten, definite knowledge of it is much more recent, 
dating from Rink 5 book of 1S57.15 Dalager's early venture on to the ice in 
1751 w^ followed after a long mterv'al by many ascents of the margin, as 

""‘I who penetrated too km, bv 
E. whymfwr m 1867, by Jensen and Komenjpi^ who in 1870 ascended to 
1570 m and a distance of 75 km, and in 1893 by Garde.20 
Nansen21 Jhe first (m i888) to cross the icc from coast to coast 
(Lat. 64*5 ). This feat w® aftenvards repeated by Pearv 2 l in i886, 1S02 

'910, by K, Rasmussen 24 in 1912 and 1917. 
by A. de Que^in2S in 1912, by J, P. KochM over the widest part in 1013, 
by L. ^.ochjT in 1921 and by others. e.g. H. G, Atkins 2 » (1930, i93i)and 
A. Hoygaard and M. Mehrcn^® (1931), at later dates. The routes of Ln- 
section up to 1930 are shown m fig. , 6.30 An account of these inland 
journeys was given by L, Koch,Jl especially those in the far north, and a 
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hbtory of the whole country appeared in the bteentenary volume, Green- 
(192S). Hobbs has mapped the earlier aeroplane routes. 

The ice^shecl (Eskimo : 

Sermms^uak, "big ice^^ is 
bordered by the Yd^rtand 
(“outer land") of Rink and 
the Danes, a strip free from 
icCj except for small, local 
masses, and the home of man* 
musk ox, hare, fox* wild 
flowers and grass* It consists 
of both high and low lands and 
culminates in r. 37^0 m in the 
Watkins Mountains in the 
south-east.^ Its width on 
the west has a maximum of 
iSo km in 62° 30* N. Lat. and 
on the east ranges up to 300 
km near Scoresby Sound 
The strip is narrowest in the 
south-east and in the north¬ 
west. Its total area^ is 
313^000 sq. km, distributed as 
follow's: w^cst, 116*000 sq, km; 
north, 99,000 sq. km; east* 

98,000 sq. km. 

Of the total area of the 
country ^7 which is about 
million sq* km, 86% or 
1,869^000 sq, km is icc^® (this 
figure is probably too big) and 
c. 1,650*000 sq, km (earlier es¬ 
timates w^ere slightly larger 3 ®) 

7 S% miles) 

pertains to the icc-shect.^® 

This builds a low* flat dome 
of regular form (see p. 42) 
and great thickness (see p. 39)* its centre a vast snow^ plain of magnificent 
but monotonous desolation, devoid of nunataks, and imperfectly explored. 
Over much of the interior* the inclination is so $Iight that it 1$ not detectable 
by the unaided eye. It varies benveen 50' and 4^ but at the margin the 
surface falls steeply and at an ever-increasing angle as Rink and early 
explorers noticed,^^ Nansen,^- for example* found the gradient in feet per 
mile betwreen sea-level and 1000 m to be, on the east Z2Z* on the west 1^7; 
between 1000 and 2000 m 93 and 63; and above 2000 m, 37 and 26 respec¬ 
tively* The calcu lated angle of slope is as follow^"*^; 


FlO^ of Qr<ccnlBnd ahawuiif royt« of 

transaction up to the >'¥Jir 1930. W. H. Hobbs, 
7%(3)pP 371. 299’ 


0-1500 mt mcdfi o' max. 4® 3' min. o* 14' o'* 

1500-2000 m: rnoan o^ 20^ 30' miwf. i" min. o* 4'3S* 

,* 2000-2500 ni: mean o® ifi* 0* mnx. i* imn. o* 4^ 3®* 

** 2500-300001: mcAn o* 9' 0' fiwra. o'’11^20'^ min. o* Y 4 ^* 
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The shape is brought out by th« profiles along the routes of transection '^ 
(fig, 17) which all expeditions, following Nansen's lead,^^ have constructed. 
'Fhe mean height in the west is 2040 eh^ in the east 3240 in the north 
1700 lUt in the south 19S0 m and at the centre Z470 giving 0 mean eleva- 
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Fio. 17.—Profile* of Gr&enlind kc-^heet aioiiff tnasettiDi^ route*. Vk\ U, ^70, 

p. 113. 

tion for the whole icc'sheet of 2110 These sections have been supple¬ 
mented by radio soundings from aeroplanes.^^ 

O. Baschin-w expressed the view in 1913 that the ice-sheet had several 
centres, sinw the highest points on the various crossings differed appreciably 
and the divide on J, P. Koch’s route lay west and not east of the axis as in the 
other cases. Thb suspicion has since been confirmed. Three such domes 
are now fcnown»i> (fig. iS), a northernmost one, the Central Greenland Dome, 
at least 3400 m high and situated in 71-77* N. Lat. and 36-37“ W. Long and 
known from the expeditbnsof Peary (189a, 1893), Mikkelscn (1910), Rasmus¬ 
sen (1912,1917}, J. P, Koch (1913) and A. HOvgaard and M. Mehren (1931); 
a second one, the Forel Dome, discovered by H. G. Watkins (1931) and con- 
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firmed by M* Lindsay (i934)p which reaches nearly 3550 m at 67” 30"^ N. Lat. 
and 37®" W. Long. ; and a ^uthemmost and somewhat smaller South Green¬ 
land Dome in 65° N, Lat., proved by A. Jessen O. Nordenskiold 

(1883)1 Peary (1886), Nansen (iSSS)^ Garde (j888) and de Quervain {!9i2). 
'Fhese domes may have been due to differential thinning over buried high¬ 
lands^® or to the highlands from which the icc originally expanded (efi 

p* 40}. 



Fio, 18.—Map t>f Gmiitond showing the extent and cont^our fio f«t) of the 

F. E. Mattheg iknd A. D. Beknont, T. Am . Gpkyi . Un. 31^ i^s&p p. 173, 1. 


The highest polnta on the eevei^ trana^Greenland routes52 ivere as 
follows: Pear>', 2215 m* Koch and Wegener, 292S m; Nansen, 2716 m; 
Rasmussen, 2225 m; de Quervain, 2510 m; British Arctic Air Expedition, 
2804 m. The highest point of the icosheet lies north of Mount Forel^J 
(3400 m), where proximity to this mountain and high snowfall are favourable. 
A depressed fault-zone crossing the country from coast to coast north of 
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the southern centre may be indicated by the contours of the ice and the topo¬ 
graphy and gtolc^' of the eastern and western coasts.^ though the available 
evidence may not fully warrant this condtision..^^ 

Innumerable nunataks dot the ice-sheet towards its margin: they become 
bigger and more numerous as the edge is approached and ultimately merge 
into the Yderland. Great tongues of ice descend Into the fjords. The 
largest^ also the largest in the northern hemisphere, is the Storstrom in north¬ 
east Greenland which has a length of 130 km and the second largest, the 
Humboldt Glacier,^^ is more than 100 km broad. 100 krri long and too m 
high at its front. The longest is Fetcrmann Glacier on the east which is 
200 km long and is very dun in its outer part and afloat for about 40 km. The 
Dc Geer Waltershausen glaciers on this side are also over 100 km long.^® 
The mo'-de-glace reaches the sea on a broad front on three stretches only: 
these are on die cast coast, in the cstreme north-east, and in the west in 
74^ 30" N. Lat. 


Antarctic. Exploration in the Antarctic, the subject of $cveral recent 
bibliographies,^ has revealed a vast icc-inundation^l w^hich is much more 
complete than in Greenland: it i$ so overu-helming that probably less than 
ioo sq. miles Or 0 - 2 % arc free of ice and even at sea-level the rock is all but 
entirely hidden. It incompletely masks the underlying topography in 
comparative!)^ few' localities, e,g. King Edward VI1 Land, South Victoria 
Land (f. 160* E^) and in Graham Land (Palmer T^ind of American geo¬ 
graphers) i a land of alpine relief with mountain and plateau glaciers w^hich 
rises to r, 3000 m and is now known to be two major islands separated by the 
w'in^ng Chanc ChanncL^^ At the margin, the ice gives rise to shelf-ice or 
floating ice-tongues, or flows freely into the sea as a vast undulating or 
terraced sheet, normally heavily and deeply crevassed. Sometimes the outlet 
glaciers form piedmonts or less commonly leave a strip of ice^free ground 
betw^cen themselves and theses. Most of the coast-line, however, consists of 
Hgh cliffs (up to 50 m in height), cither barrier cliffs” or "gbcierdiffs". 



rontinental shelf—^and others protrude within the ice-covered plateaut e.g» 
Neu-Schw^abenland^ (c, 3500 m), Dronning Maud Mountains (4500 m), 
yueen Alexandra Mountains (4&00 m). Sentinel Range and Etemitv Range in 
^ Antarctica (r, 3600 m). Rockefeller Plateau and Edsel h'ord Range east 
of Ross Sea, and Marie Byrd Land cast of tlijs again ^ (p|, Va, facing p, 112). 

More than 2 million sq, miles (c. 5 million aq. km) of the Antarctic continent 
arc Eti^ (* 953 / quite unknown. That the basis is not a frozen sca^^ or 
con^n^ of islands'®^ (as some thought before the extensive exploration of the 
20th centur)) but, a$ Captain Cook suspectedA^ a huge continent, is proved 
by die continuous elevation of the ice: by the nature of the subjacent rocks, 
as ealed by the erratics, moraines and floor deposits of the Southern Ocean ■ 
and by the impene^ble pack-ice along most of the coast. Seiches of three 
days duration m Ro^ Sea hint, it is said,« at a channel between tlie tw^o 
deep penetrations of Ross Sea and WeddeU Sea, dividing the .\ntarctic into 
two ^parate lands West Antarctica facing the Pacific Ocean between 70" 
PI u East Antarctica (occupying three-quarters of the whole)* 

SI a e etween 65 and 70 S, Lat., Graham Land being the northern tip 
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of the one and South Victoria Land of the other. It i&, however, certain, as 
C. Markham, Diygalski, Penck and O. Nordenskiold believed, that a land 
mass separates these seas.^ This is suggested by their southerly shoaling— 
the ttvo seas are shelf seas and not deep gulfs—, by certain distinctive features 
in their marine faunas, by the wind systems and by geographical investigations 
which promise finally to eliminate the recurring speculations regarding a 
possible connexion.'^o Antarctica is a vast elevated massif bordered by a 
folded mountain system, the " Antarctandes" of Arctowski, which is com¬ 
parable w'ith the Andes and connected with it through the “Southern 



Antilles” of Suess, East Antarctica forms a flat, domed plateau of ice which 
falls gently northwards from its highest point north of the pole towards the 
Indian Ocean and steeply towards Ross Sea and Rosa Barrier over the 
1500 km stretch beriveen Cape Adare (71® S.) and Beardmore Glacier (84® S.). 
The iceshed, more than 1000 miles (1600 km) long, seems to lie behind South 
Victoria Land and Dronning Maud Mountains, 

While the earlier discoveries,'^* particularly in the past century, were con¬ 
cerned with llxing the position of its coast and emergent lands, some of the 
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expeditions of the present oento^'— the E^lgian (B^lgku^ 1S9S-1900), British 
{Soulhem Cross, 1899-1900; Dheo^ery^ 1901-4; Terra Nova, 1907-9; 
arelic, 1910^13; Endarmc^f 1914-16; Qu^st^ i^zi-z; Distot^ery Committee 
19^3-31), French {Frattfais, 1903-5; Poitrquoi Pas? 1908-10). German 
{Gauss, igot-i; Deutschland^ igiO-ii), Swedish (i901-3)1 Nonve^an {Fram^ 
1910-12; Thorsbavn, r93*^7)» AustraJian (Aurora, 1911-14). Scottish (Sro/ia. 
1902-4)^ British-Au$tralkii-NEW Zealand {Discovery, 192^30^ 1930- 1 ). and 
the more recent ones which were equipped with reconnaissance aeroplanes* 
namely 11 , Wilkins (1928, 1929* 1930)^ (1927-8. 1929-30. 1930-1)* 

TAorj/mw (1933-4. 1936-7), R. E. Byrd {1928-30. 1933-5, * 939 ^ 4 *- i 94 *- 7 )« 
Riber-Larsen (1929-31, D, MaAVSon (1929-30) and L, Ellsworth (1935)* 
have dealt not only with the coastal belt but with the country behind, in some 
cases as far as the Pole itself. 

Although the continent was first sighted in 1820. circumnaxdgated about 
1840 and Landed upon in 1895, the uncertaint}' which still shrouds the 
continent's exact limits (as late as 192S the coast, possibly 15.000 km in 
length* had been mapped through lc$5 than iso"* of longitude) has led to much 
difference of opinion about its extentJ^ Though estimates vary betiveen 9 
and 14 sq. km^^ a figure of 13^5 million sq. km (c. 5 million sq. miles) seems 
reasonable —a recent calculation gives 13,101*154 km (without shelf- 
ice) or about eight times the size of the Greenland ice-sheet or one and a half 
times the area of the United States, 

The altitude averages probably 2250±250 It i^ 2796 m* 2765 m or 

2454 m at the South Pole"^* and rises to 2864 m between 100 and 200 miles 
(160 and 320 km) north of the Pole — Mount Fridtjof Nansen {13,150 ft. 
400S m). Mount Kilpatrick (14.600 ft, 4450 m) and Mount Markham 
(c. 15,200 ft* F. 4630 m) are the highest recorded summits. That the surface 
rises to over 4500-5000 m in Neu-Schwabenland in the interior of Dronning 
Maud Land* south-east of the Weddell Sea in 8S. Lat. and o® Long, where 
nunataks. accompanied by moraines* divide the ice into a system of reticular 
glaciers, has been disproved, since the maximum height hereabouts was little 
above 27 ro mJ"? The ice has a very low' slope* probably only 2% in the 
W’eddell Quadrant, Greenland may possess several ice-centres,"^^ 
though irvhciher and if so where they exist has atijl to be ascertained since 
transcontinental profiles are wanting. 

South Victoria Land has relatively few' outlet glaciers* namely about 12 in 
2000 km. Like their analogues in w'est Greenland (see p. 39) they occupy 
deeply cut valleys and have dcpre$$ed amphitheatres at their heads, though 
their motion being less, their surface is mote uniform^— the average slope is 
1-4%. Dronning Maud Mountains also have a great array of outlet glaciers*®^ 
e.g. Liv. Axel Hamberg. Kent, Isaiah Bowman* Amundsen. Thorne and 
Leveteu glaciers* as have the Edsel Ford Mountains 

Highland ice ^aps. Highland ice-caps are miniature replicas of ice-sheets 
but differ from these in size and method of aliinentation. Like bland ice¬ 
caps* they may mark stages in the dissolution of larger mass^. Peary Land 
in north Greenland and East Friesland. Spitsbergen, may be taken as 
examples* though the latter* O. NordenskLSld*s original" Spitsbergen typ^ 
is transitional between the Highland ice-cap and plateau glacier, 

Islajid icecaps, A highland ice-cap perched up on an bland may be 
termed an island ice-cap; it i$ Nordenskidld^s "Vicc*cap" and Ferraras **local 
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Fig. m. Distribution of th* sfiQwfiEldH and plateau glacier* of Norwiy at the beginning of thil century. 
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ice-cRp''. Examples are supplied by the larger islands dff west Greenland, 
by Baffin Land.®^ by Severnaya Ztmlya®** and North-East l^ndt®^ by the 
islands of Franz Josef Land, and by Ro$& Island and Snow HiH. Antarctica. 

The ice of North-East Land^ which crowns plateaux about 400 m high and 
is divisible into three masses, West Ice, East Ice and South Ice, has 
a total area of 11,425 sq. km. East Ice is the largest of the three, its surface 
in the centre rising to 730 m where the ice may be 250 m thick. On the east 
and south it thins off evenly and is extremely thin. Nunataks and other 
features prove the thinness of West Ice (possibly 125 m) which reflects to a 
considerable degree the underlying topography. Vertical terminal cliffs, 
up to 50 tn high on the east and south, suggest extensive glacierisation 
and Antarctic conditions. 

Plateau glaciers- A plateau glacier reposes on a more or less even surface 
but» having a smaller ahmentatipn* is not so embossed as the Highland or 
Island ice-caps; it may, indeed, have no embossment or may sag in the centre. 
It constitutes Richter's®^ “plateau type”, P. C. Visser's®^ "Fimplateau 
type^V, the "Norwegian type*' of some authors®® and the "'Scandinavian 
type"" of others.®^ Like the preceding types, it differs only quantitatively 
from the continental ice-sheet. This relationship, though denied,^ has led 
Hess^l to repudiate its separate existence. 

Pbteau glaciers depend much more upion relief than do ice-sheets or ice¬ 
caps. They sprawi over small elevated plateaux or uplands which have 
scarcely any intervening divides* They have, tlierefore, a central or common 
n6v£ (Norw. Stieejond) and usually lack surface-debris since nunatiiks, save 
near the margin, arc rare (fig. Their domed surface differs strikingly 

from the form of valley glaciers as early noticed.®^ Their flow is outwards to 
the margin where the ice cascades over the rim in narrow tongues (Norw^egian 
glaciers with suffix bre or br&e) radiating dowm the valleys (Jostedabbrae 
has 24 such tongues) and in some cases, as on the VatnajokuU,^ having 
"intakes” or kdle-like depressions at thdr heads. In this ^vay, plateau 
glaciers pass through transitions into valley glaciers. Exampl^t needlessly 
erected into a subtj^pe,^^ are the Oxtinder of Norway,^ and the Ebensferner 
(west of Brenner) and Glacier of Mont de Lans (Dauphini) of the Alps. 
Plateau glaciers are relatively thin: Jostcdalsbrae®^ which consists of a series 
of isolated fim basins flowing outwards is not more than 20-40 m thick — 
Tungsbergsdalsbrc is about 320 m deep — and even the thickest in Iceland 
caruiot quite conceal the relief of its foundations.^® By further thinning, 
they dissolve into a number of irrcgvilar and patchy ice-masses. 

Norway probably best exemplifies the tyj^, though valley, hanging and 
cirquc-gkcicrs are also to be seen there^: cirque-glaciers, for instance, are 
prevalent in Jotunheuni^ and on Doyrcfjeld, as xvell as in Sweden (cf. Ham- 
bergk and valley glaciers in Sarek—Hamberg (191c), mentioned 

Cr 220 corrie and valley glaciers. Nevertheless, plateau glaciers^ probably only 
thin, are the chief t>^pe north of 6 q®N, Lat. (fig. 20) where the fjords, by 
draw ing in the air, concentrate the precipitation upon the summit uplands.l^^ 
They rest upon the pakeic surface (see p. 348) and include Svardsen,^®^ 
Jotunheimd*^ Folgefonn.l®^ Sukkertoppen and JostedabbraeJ^^ Their 
areas in square kilometres are as follows^®*: Svartisen, 450 (with the adjacent 
masses* 732-8); Jotunheim^ 207; Folgefonn, 2SS (alternatively 220, 264, 290 
or 300); Jostedalsbrae, 1076 (r. 1Q-12 km broad and 90 km long), the biggest 
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glacier on the European mainland; JokelfjeJd (the northernmost plateau 
glacier; 70® 10' N. Lat.), 190; and Sulltelma, 52. 



Fig. at.—Map of the jMtedalabrae, Norw’#}-. R. Finsttm-alder. J, Gl, 1. 1951. P- SS7. 

fig. I. 


Plateau glaciers also exist in Iceland i®® (fig- aa). ITicsc joA/ar (sing. 
idkulf )—this Icelandic word applies indiscrimately to snowficlds, glacier 
tongues and isolated ice-covered mountains—are relatively large as the 
following figures n® (in square kilometres) indicate: Vatnajokull, 8410; Hofs- 
jokull, 1350: Ijingjokull, 1300; Mjrdalsjokull, 1000; Drangajdkull, 350 
(160 ?). VatnajokuU^l' (fig. ^3), the largest glacier in Europe and in extra 
polar regions and more than the equivalent of all other Icelandic glaciers, has 
a southern edge which is unrestricted and a northern one which abuts against 
rising ground. While Thoroddsen’s estimate for Vamajiikull may have to be 
raised to 8800 or Qooo sq. km^*^ his figure for Hofsjdkull should, it is said, 
be reduced to 700 J and that of HofsjokuU, Langjokull and TiingnafellsjakuII 
be diminished by looo.ti'* 

6—Q.E. l 
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Fia. 33.—^Mtp of Vttn^ekull. H. W; son AhlAum, ag, p. r r, 11. 
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The plateau t>^pe is represented too in the Obergossene Aim, Marmolata 
Glacier and Clartdenfim (area S aq. km) of the Alps^l^; in Barents Island and 
Edge Island, Spitsbergen; in the north island of No\^ya Zemlya^^^ where 
the ice is 400 km long and 100 km broad and rises to c. 1000 m; in Franx 
Josef Land,*l^ that region in the northern hemisphere which climatically most 
nearly approaches Antarctica (the temperature in July averages 1*3® C, in 
January, — 26-5^ C, and during the year — i4‘i*C)i!® and where glaciers 
which cover 9^% surface and rise to 300 m afwve sea-level frequently 
end in high sea-cliffs and where oniy 36 species of flowering plants are known 
to grow'i^j on some of the islands of east and west Greenland south of 
6t* N, Lat. and commonJy in north Greenland'201 on some of the eastern 
islands of the Canadian Arctic archipelago including Baffin Land'll—gravi¬ 
metric surv'cys have proved a thickness of 467 m and calculations of the 
inward shear-force exerted by the rock floor a maximum thickness of 
f, 460 m—, GrinneLl Land'^i and Grant Land which has an icc-shield 
Soo sq. km in extent' 23 ; and in Alaska, as in the centre of the St. Elias Range. 

Plateau ice occurs in Nan-Shan (40 km long) and in the Himalayas in 
central Asia,' 2 J and a form transitional to valley glaciers in central Caucasus '23 
w'here the Elbruz has apparently a true plateau glacier '26 c. 200 sq. km in 
extent. 

The southern hemisphere has representatives in South Georgia, '27 K^r- 
guelcnl28 (Richthofen kc), Heard l 5 land ,'29 Royal Society Range'^ (Blue 
Glacier), and in Patagonia'^i between latitudes 46* 30' and 47* 30' and 48® 
and 50" 30'. The Patagonian ice, which fills longitudinal valleys, stretches 
for 700 km and breaks up into small ice-fields in the south, has been referred 
to a “ Patagonian type "'22 a^d by Nordcnakiold'^J to his Spitsbergen type. 

Carapaces. The carapaces of Tyrrell'^i (“dome glacier"' 22 ; "tropical 
glacier typc;’l 3 «: “glacier-cap" 127 ; “mountain side glacier”' 26 ) surmount 
the rounded or flat tops of isolated mountains which are little dissected. 
Their ice, virtually moraincless, is diver^nt, though insolation, slope and 
conditions of snowfall often make the position eccentric. They crown some 
of the tropical mountains ,'25 such as Ixtaccihuatl (5286 m) and Kilimanjaro 
(6160 m), and a few rounded mountains in Spitsbergen''*® and North 
America'"** (c.g. Mount Jefferson, Mount Hood, Mount Adams and Mount 
Rainier—this has the longest and largest ice-stream (c. to km long), viz, the 
Emmons Glacier, in the continental United States). The ice on Bouvet 
Island about 30 sq. imJes (t. 80 sq. km) in area and 935 m high, should 
probably bn classed among the carapaces. 


a. Mountain Clacters 

. T'he second maiti group, Nordcnskiold's "mountain glaciers'*, arc found 
in rnountajnous regions and fall naturally into a series of types of decreasing 
gbeierisation. 

■ glaciers. The first of these, the reticular glaciers of Tyrrell, 

IS Nordcnskiold's "Spitsbergen type”, Garwood and Gregory’s "confluent 
senes of glaciers ”*42 and Penck's Eiisfromaets^^^ t Drygalski *45 distinguished 
an Eisstromnets with common reservoir and separate tongues and a Talftets 
with separate reserv"oirs and united tongue. 

Confluent glaciers of the reticular type fill whole valley systems and exhibit 


VALLEY GLACIERS 


8s 


in their flow a certain indef^fidence of the relief* They stream over passes 
and cols and deploy sometimes as piedmonts. The)' serve as a transition 
bctw'cen valley glaciers and kc-slieets.l-^ JrL Loais's^^^ observation that 
mountainous areas projecting loo m above the snowline have such a net in 
U.S.A. but not In the Alps shows that the controlling factor is the extent of 
dissection and not the height of the mountains above the snow line* 

Reticular glaciers of to-day are w^ell developed in Novaya Zemlya*"^® and 
Spitsbergen(together with valley and piedmont glaciers) and in Neu- 
Schwabcnland, Antarctica. 



Dendritic glaciers. The dendritic glaciers of I lobbsj^^ united with the 
reticular type and named "transection glaciersare a system occupying a 
trunk valley and its branches. Tlie type was based upon M. Conw-ayV 
description of the Baltoro (66 km; fign 24), Biafo (60 km) and Hispar (59 km) 
glaciers of the Karakoram Moun¬ 
tains and fits others since 
found there —the eight longest 
glaciers in central Asia (Fed- 
chenkop Siachen, Inylchekp His- 
par. Biafo, Baltorop Batura and 
Koi-Kaf) are the only glaciers 
outside the subpolar regions 
which exceed 30 miles (c. 4S km) 

in kngth* I he type occurs too 34.— Skctch-map i>f tlic Baatorq Gtader. 

m Alaska w'hile the Tasman W. H. Hobbs, ^6^ (a), p. % 410, 


Glacier of Ne^v Zealand^ which 

is c* 18 miks (29 km) bng^ provides an example from the southern hemi¬ 
sphere ^ 


Valley Glaciers* The valley glacier ^^5 Richter and Hoebstetter 

(Nonv. Dalbrae) is the Alpine glacier of many classifications and historically 
the archtype. The AlpSi principally in the west and centre (Mont Blanc 
Groups Pennine Alps, Bemese Oberland) boast altogether some 2000 glaciers 
of one type or anothertheir lengths varying greatly as Heim's and R. v. 
Klebebberg's figures shoAv,!^^ The areas of the most important (In square 
kilometres) are: Aletsch, 129 (188a: 115- 1945^ igg; length, 25 km), Gomcr^ 
67; Mer de Glacc, 551 Ficsch, 41; Lower Aar, 39; Ijower Grindelwaldp ^9'S; 
Pasterzenkees (the largest glacier in the eastern Alps), 24 -5; the rest are nearly 
all below' 20 or even 10 sq. km* 

ITie Fedchenko Glacier in the Pamirs, the longest outside the subpolar 
region, is 75-77 km in length(area, 1350 sq, km). The longest in the 
Karakoram Mountains is the Siachen, 75 km long (area, 1553 sq. km) and 
Inylchek Glacier of Tienshan 71 km long^ the Batura Glacier of the Hindu 
Kush 60 km long,^^ and the Zemu Glacier of the Himalayas 25 km long*^^i 

Valley glaciers head in one or more niv£ fields or in sheet-ice and depend 
for their shape upon topography and vaHey' windings. They are usually 
longer than broad, though exceptions are numerous- They may project at 
their snout, as In some of the hanging valleys of Vakutat Bay region,or bend 
over a steep declivity, as at the end or along the side wall of a valley, e*g* in the 
RhSne Glacier : these form Hamberg's glacier with hanging glacier-end 
They may also unite over cols, as in the Ferrar and Taylor glaciers, An¬ 
tarctica,^^ or build composite glaciers if tw o or more streams unite, as in the 
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Fig. 95.— Glickti and nemiaiient snow^fidd* the Southern Alpa df New Znlmiii. 

R. P. Sxiggate, J, CL i, 1950^ p. 493* 

Aletschj Mer de Glace, Hmtereisfemcr and Vemagtfemer of the Alps. These 
are conimcm ui the Caucasus^ Himalayas and New Zealand(fig. 35) ^ they 
constitute de Majtonne's "Himalayan type*\i*^ The glaciers of New Zea¬ 
land are best developed about Mount Cook (3813 m). To the west» the moat 
important are the Franz Joaef and Poje glaciers, to the east the Hermitage^ 
Muller, Tasman, Hooker and Murchison glaciers. 

Galley glaciers may be subdivided into several type-groups according to 
the size of their basins in relation to their tongucs+^^^ The commonest and 
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most typicalj exemplified by the Rh6ne, Hinttrclsfcrtierj AlLdin and Fomo 
glaciers, shows an arca-distribntion cur^^e which rises steadily from a low 
value to a pronounced maximum whence it falls to a fairly low value again * 
the second group, e.g. the Great Aletach Glacier^ has a maximum higher up; 
the third group, e^g, the Siachen Glacier of central Asia and the Styggcdal 
Glacier of Norway, has no proper fim; and a fourth group, commonly repre¬ 
sented in Spitsbei^n^ reaches its maximum area at a low altitude. 

A tributary glacier usually flows along side, less commonly upon a major 
glacier*^^ If the lateral glacier is steep, it may fall on a trunk glacier as a 
remanie glacier(see p- 91) or push the trunk glacier to the farther side 
of the valleyridging it, or even penetrating beneath it.i^^ In other cases,^^^ 
where the two rock-floors are markedly discordant, the tributary may flow on 



fig. 4- 

to the master glacier as a parasitic glacieroverriding the surface moraine 
and shearing it^ striating by its own motion the upper surface of the lower ice 
but generally displaying no such signs of slipping. The pamitic glacier may 
be tom off by the lower glacier and broken and be ultimately reduced to ice- 
pyramids by melting,though "cold" polar glaciers may retain a super¬ 
imposed ice-stream for a much longer timeA^*^ The confluent glaciers retain 
their owm bandingi^^ but otherwise move together as a unit, the crev'asses 
penetrating them both, irrespective of the separating plane,the upper 
glacier moving as the resultant of its own motion and that of the glacier 
beneathIf the valley floors are initially discordant and the trunk glacier 
is thick enough to raise a barrier across the tributary valley, an inset relation¬ 
ship develops (fig* zb}. 
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A parasitic gbcier deposits it$ gtoand-moraine and terminal moraine upon 
the main glacierpl'^ its lower end being marked by a dirt-band or a crescentic 
moraine" (abo termed "cro^s"* "oblique”, "horse-shoe”, “melt” or 
" pseudo-terminal moraine^®^), Ttvo, three or four such glaciers may 
rest one upon the other over the whole breadth.^ 

Valley glaciers are the principal type in the temperate zone, as in the Alps, 
Caucasus,^ 52 Himalayas (these have more than tooo glaciers of an area of 
196S sq. km, of which 501 sq. km are on the south side), Ticnshanp Andes,^®* 
Rocky Mountains and Canadian Cordillera.^ 5 ^ In New Zealand they are 
restricted to mountains above r. 22S6 m in height in the Southern Alps 
between the \icinity of Milford Sound (44^ 47" S.) and Arthur's Pass 
53" S.)i though permanent or nearly permanent snowhelds occur for a 
further 145 km to tlic north-cast in Spenser Mountains and a glacier occupies 
the crater of Ruapehu in the North Island—the lengths of the main glaciers 
are Tasman 29 km, Murchison iS km, Franz Josef 15 km, Muller and 
GodJey c, 13 km and Hooker it 7 They also occur in the South 

Island of Novaya Zemlya*®® and are possibly to be numbered in their thou¬ 
sands or tens of thousands on the Wrangel Mountains and Alaska Range. 
The biggest are in the Karakoram Mountains (see above) and in South 
Victoria Land where the outlet glaciers (see p. 78) in general increase in 
southwards and the Beard more Glacier, the largest in the worlds is 
120 miles (194 km) long, 15-35 grilles (24-57 broad and at least 5000 
sq. miles (r. 13,000 sq. km) in area. Other Antarctic outlet glaciers have 
also considerable lengths, e.g. Amundsen 160 km, Thome 145 km, Drygalski 
120 km and Ferrar So km. 

In high latitudes, as in Greenland, AJaska,^^^ Ellesmere Land^^^ and Jan 
Mayen,^^ vaJl^^ glaciers may enter the sea or fjords as “tide-watfir "*®5 oi- 
" tidal glaciers, some like the Malaspina GUcier being piedmont glaciersi 
others dendritic. In '^subtidal glaciers the edges rest on land over a 
considerable width of the valley, 

’Where glaciers protrude from inner ice-plateaux through mountain gaps, 
they form “through glaciers(Hobbs' "transection tj.’pe”); t\vo dendritic 
glaciers join to produce Hobbs' "ttvinned glacier tj pe”.i^ 

Cirque-glaciers. Cirque-glaciers (Notw. Botnbrite)^ which occupy cir¬ 
ques, have been called the "Pyrenees type” since they especially distinguish 
that range,particularly its northern slopes between the Garonne and Val 
d^Assone; only the \'ignemal approaches the sliape and dimensions of a true 
valley glacier. Giving to the snowline's great altitude cirque-glaciers are 
naturally the main type in the tropics, 

1 hese glaciers may end within the cirque or thrust their snouts out on to 
the side or upper end of a lower valley as "spill-over glacicrs”.^*^^ On the 
other hand, they may shrink to the foot of the cirque- wall a$ "horsic-shoe 
glaciers broad glaciers with incurving fronts, as exemplified in the 
Glacier National Park. Most of the glaciers in Sweden and North 
America (outside Alaska) are of this kind. 

Very rarely a glacier may inherit a volcanic crater: the Cerro alto glacier 
of Ecuador is an instanoe of such a "cauldron glacier”. 205 Kamchatka^ 
has cauldron-glaciers, star-glaciers and other types depending upon volcanic 
relief. 

Hanging glaciers. Hanging glaciers (Norvr. Haengebrae), Supan's " oro- 
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graphic glaciers were one of the first types to be differentiated: they were 
dc Saussure's “ glaciers of the second class Usually small and steep and 
frequently as broad as longi they are plastered against the walls of precipices^ 
as on the northern face of the Jungfrau, or nesde in hoUo^^s in a mountain 
flank or the escarpment of a plateau. They characterise the Caucasus and 
grade into “niche glacierswhich lie in niches in steep-sided peaks or 
ridges {Jochgktscli^^ or "glaciers of the third order” of F. Simony)t or pass 
into “comice glaciersor "cliff glaciers**^*^ like those which are so 
numerous among mountain glaciers in western North Amcrica.2J2 There 
are transitions too to the “cascade glacierswhich protrude from the 
mouths of hanging valleys or 'Hvall-side glaciers (Stu/en- or Fluttken- 
Tereisimg)^^^ which depend from portions of highland or other mountain ice 
and rest on the rock-terraces of valleys and plateauXp^^* as in north-east 
Greenland and those parts of Spitsbergen which have horbontal sedimentary 
strata of varying hardness. Such glaciers adhere to the mountain shelves 
since they are frozen to the rock. Cascade glaciers arc also known from 
Alaskaand from Lapland where they repose upon old shore-lines,^^® 

The smallest of all glaciers are the snow-bank glaciers (fig, ay), the 



FXO- 27.—SiTiawbaiJc jjliacicr ajid boUO¥i% Quadrant: Mountain^ Vcdowalcrac Kational 

Part, tv, H. Hobbsp 7^5^ (2)p p. 368* fig. 

"drift glaciers" of T. C. Chamberlin. 2the "temporary glaciers”of E, Col- 
lombt^® “snow-drift ice"^^ or Hobba' “nivahon type*\ They occur, for 
example, in east Greenland and line the sea in the Antarctic where they 
have been named "ice-foot glaciers"222hy Nordenskj 5 ld|i Gourdon and Pine 
or" * suspended coastaJ glaciera by Ancto Id. Si mi lar forms are the " wind- 
glaciers" of Neu-Schtvabenbnd.^^ To this type also belong the majority 
of the small glacier.s in the south Tyrol Dolomites, in the North Limestone 
Alps and in the Carnic and Julian ^ps.^^ 

Perennial snow-banks which imitate glaciers in their shape accumulate in 
the lee of hills, at first rapidly, later more slowly as they approach a certain 
critical angle.^^ They are independent of the snowline and may be at all 
elevations down to the low altitudes of the coasts or He in river beds.^^ 
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Being inert, they have neither banding nor dirt’^bands. Every transition 
from motionless snow-bank to moving snow-bank glacier occurs in west and 
north Greenlajid.^^ The requisite thickness for the transition depends upon 
pressure, temperature and the gradient of the underlying bed,^-* and most 
probably exceeds 30 Matthes averred that on a slope of 12% it was 38 m 
{see p, 303). 

Snow-banks, perTnanent or transitorjv arc innumerable about the world’s 
snowlines. They line hundreds of kilometres of the Antarctic ice-border and 
build aprons at the end of the outlet glaciers in Ross Quadrant, Snow-bank 
glaciers also are numerous in the Antarctic, e.g. in South Victoria Land,^^ 
in Grant Land^^^ and Coloradoj^^^ and at the glacier snouts in tvest and north 
Greenlandwhere their length approaches 5 km and their tiny grains reveal 
their parasitic nature. Europe’s most southeriy glaciers, namely those in the 
Sierra Nevada^ are of this lype^^ (cf. p. 15). 

3. Loiirfond GladeTS 

Piedinont glaciers. Most important among the lowland glaciers are the 
piedmont glacic^, first recognised by RussellThese arise by the ex- 
pai^ioii and union of adjacent glaciers (mountain, reticular or dendritic) 
which deploy at a mountain foot or upon plains of any altitude yet maintain 
their identity as commensal streams.^^ They have a low slope, a com¬ 
paratively sluggish floiv and a surface almost undrevassed. Equally distinc¬ 
tive are the relatively great breadth and mukilobate margin. Piedmont 
glaciers that occupy a basin or trough and arc fed by valley glaciers on two 
or more sides have been named intermont glaciers.^^”^ 

The original is the MaJaspina Glacier of Alaska whence the type is also 
designated "Malaspina"" or Alaskan iypc.^^ 5 > Malaspim Glacier, 

produced by a coalescing of nearly a dozen tributary glaciers which issue from 
a vast inland icefield through gaps in the coastal "St, Elias Range (S9SS 
spreads out as a broad fan on to a wide shore platform. It is 305-458 m thick^ 
flows over a surface which is inclined inwards and covers 1035 sq. miles 
(2682 sq. km)j i.e. more than all the glaciers of the Alps put together (fig, 28)^ 

The type is now confined to high latitudes w'herc obviously alone the con¬ 
ditions for its development are available. Its glaciers are common along the 
Alaskan coast between icy Point and Cape St. Ehas, c.g. Bering and Alsek 
glaciers Their broad^ symmetrical bulbs expand over the smooth coastal 
plain to the tidal water or fail to reach it because of morainic tracts covered 
by dense spruce forests or wide barren stretches of outwash gravel. They 
ate also knowm from the Canadian Rocky hlountains (e,g. Wenkchemna 
Glacierboth sides of the Einghcds Fjord of Greenland+^^2 Ellesmere 
Land,^^ PrinM; Charles Foreland, Spitsbergen ,244 7 ^mlya ,^^5 Franz 

Josef Land ,246 Severnaya Zemlya ,247 3^^ [n southern hemisphere 248 from 
New Zealand, Patagonia and South Georgia, On the Antarctic contineni, 
they deploy upon the coastal belt of South Victoria T^nd^^—Wilson Pied¬ 
mont ^readth, 36 miles: 58 kmj average depth, 5 miles: 8 km) and Butter 
Pomt Piedmont are examples—and make much of the Antarctic edge almost 
inaccessible. 

Near sea-lcveh these glaciers may by excessive precipitation into float¬ 
ing loe-tongues and shelf-ice but by diminished precipitation may grade into 
expanded-foot glaciers at this or any elevation. 
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£spanded-foot glaciers. The expan ded-foot glader^® (=Ahlmimn'5 
"foot glacier”) emerges from a mountain valley as a fan and debouches upon 
a wider trunk valley or upon a plain which may be an cle%'ated plateau or a 
raised marine platform. By no means common, except in AJaalta,^^ it is 
known from Sverdrup Land north Grecnland, 2 J 3 Spitsbergen^'* and 
Antarctica, e.g. South Victoria Land, w'here the snowfall is heavy and the 
snowline high, I’he Kh6ne Glacier had an expanded foot before its retreat 
after 1870. 

Reconstructed glaciers. Glaciers retain their continuity on consider¬ 
able slopes: in the Alps,2^6 tlie Glacier dcs Bossons has one of aS“, the 
Glacier de Taconnaz sg*, the Eiger Glacier 34*, and the Giessen Glacier 39®. 
If, however, the slope becomes steeper tlie glacier breaks off in ice-avalanches 
(see p. 22). 



Tie. af the Mjdsspuid Gliiflicirp Alaski. I. D, {1% 

p. ti, fiff. 7. 


Reconstructed gbcierSt the gtnafrs remaml^s of some early writers and the 
“recemented" or "regenerated” glaciers of others, are produced if a glacier 
breaks completely at a high step: ice-cascades, 1600-1700 m Ugh, have been 
described from Greenland.The avalanches of ice (henoe termed ^^ava¬ 
lanche type^* 25 Bj which consolidate by regektion are precipitated from either 
cirque or valley glaciers or from sheet-ica of elevated lands. Exceptionally, 
the reconstructed glaciers may form by wind drift, as in north Greenland, or 
by avalanched snow or n^vfi and in turn may nourish other glaciers of the 
same type. "*Ice aprons” may unite them with the ice above.^*^ 

Reconstructed glaciers are rare since ice-avalanches usually fall into the 
sea, as in west Greenland, mto a lake, or into warm regions where they soon 
melt. Those that do occur arc merely a few^ hundred metres long and a few 
metres thick. Nevertheless, they have all the characteristics of a true glacier, 
including movement and a stratification with dirt layers. They are found 
if the country' is steep and high, as along the coastal cliffsof Greenland or 
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Konvay wher^ plateau glaciers are prone to this development. A well- 
known example is SuphcUcbrac in the Sognefjord which is 100-200 m 
thick and i km long and is fed by ice-avalanches frorn Jostedalsbrae over a 
fall of 200 m. Odiers occur on Lyngenfjord and below Jokelfjeld and 
Svartiscn: they include the Kjendab-Bdksdalsbrae and Boj umbrae of 
Jostedalsbrae. In the Alps^ where they are less numerous than they were 
before the retreat of the last 100 yearSj. the best known line the north wall of 
the Jungfrau massif: the Lawyer Schwarzwald Glacier of the Wetterhom 
(Bernese Oberland) ia an instance. 

The “fan glaciers"' of Yakutat Bay region^2 which are related forms are 
nourished from snaw^ which glide dowTi steep and narrow chute-like valleys 
to the more or less flat ground below. 

Ice-slabs. Beitar's ice-slabs discovered by him in South Victoria 
Land between Koettlitz Glacier and the vicinity of Drygalski kc-barrier 
tongue (32 km), are one of the forms assumed by dying glaciersTheir 
large inert masses (“glacier-outliers")—the Blue Glacier is 20 miles (33 km) 
long—arise from the dead aprons of piedmont glaciers or from glaciers which 
because their supplies have failed have parted from their flmficlds, 

FringLag glaciers. In certain places in the Antarctic, for example along 
the west coast of Graham Land^ there is a belt of low-lying glaciers truncated 
on the outer side^ at the boundary bettveen the sea and rock, by ice-cliffs 
which are remarkably constant in heights These fringing glaciers 
(= Gourdon's “piedmont glaciersHoltcdahl*s “strandflai glacier") are 
apparently relics from the time when shelf-ice filled the bays off the coast. 

Forms transitional between land-ice and sea-ice are described at a later 
page (see ch. VII). 


4. Geog^mphieaf Distribution 

Our knowledge of the geographical distribution of the gbeiers of the 
world,great though it is, is still far from complete: we are^ for example^ 
only imperfectly informed of the extent and character of the glaciers of 
Canada s ^ctic islands and of Fran& Josef Land, Our information on the 
Asian glaciers has, how^ever, been augmented in recent years: surv'eys have 
been made of the Himalayan glaciers ^67 and of those of central Kurdistan,^'^® 
Karakoram Mountains [13,660 sq. km)+ Tien-shan^^® and Russian .4ltai 
(230 sq. km) and Mongolian Altai (170 sq. km), the Altai having 407 
gbeiers of an area of 590 sq. km. 

Ten per cent of the land-surface or about 3% of the earth’s surface is 
glacieriscd^^ the term " gbcierised"’ (Ger. twetff) has been introduced 
for land covered w^ith ice as distinct from bnd glaciated by ice. d'he Green¬ 
land and Antarctic ice-sheets together form 97% of the area^ 00% of the 
volume of the world^s land-ice. 

As the snow'line falb progressively from low to high latitudes, its curv^ed 
plane intersects low'cr and lower lands. Hence the types encountered in 
pacing from the tropits to the poles are generally those of increasing glacieri- 
^tson; cirque, hanging and small valley glaciers and the carapaces of the 
Andes and volcanic mountains of tropical Africa {where high altitude com¬ 
pensates for high latitude) give place to piedmont glaciers in ildaska and to 
p ateau glaciers in Nonvay, Inland, south Greenland, Kerguelen and Heard 
s and. These in turn yield in yet higher latitudes to highland ice in Spits- 
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bergen and west Greenland and to continental ice-sheets m Greenland and 
the Antarctic—the general absence of iee From the Canadian Archipelago 
and north Siberia may be due to the low precipitation (see p. 643) or to low 
reliefp^^^ 

The mountains of Europe may be subdivided glacially into three cate¬ 
gories^^: those which lie definitely above the snowline and harbour snow- 
fields and glaciers (Iceland, Norway, Alps, Pyrenees); those which fall short 
of the snowline by a narrow margiit and have permanent snowflelds or in¬ 
cipient glaciers (Grampiaru^, Sierra Nevadas, northern Urals, Carpathians): 
and those which, though definitely below' the snowline;, retain snoAv-drifts at 
particular spots to a late date in summer (Abruasi Apenninrai, Mount Etna, 
Balkans and Snowdon)^ 

The change with latitude is most conspicuous in North America.North 
of the southernmost glacier (Palisade Glacier) of the U,S.A. in the Sierra 
Nevada in 37“ 6" N. Lat,,^ there are valley and cirque glaciers which 
advance but little beloAV the snow'line. In north California, Oregon and 
Washington, as on Mount Shasta and Mount Rainier, they become bigger 
and frequently spread to low levels. They gain the sea in 57^ N. and at 
intervals for 700-800 miles (r'. 1000-1160 km) northw^ards into Alaska, Here 
thej' attain their greatest breadth of So^ioo miles (r. 130-160 km) and an area 
roughly equal to that at America's other extremity. West of the big centrics 
near Mounts FdrAveather, Logan and St. Elias into the Alaskan Peninsula and 
the Aleutian Islands, the glaciers become smaller and narroAver and less com¬ 
pact, since the mountains are loAver and the north winds Avhich blow over 
them in Avintcr are cold and relativ ely dry. The snowline rises from 2000 or 
2500 ft (c. 600-725 m) to Sooo or 10,000 ft (r. 2450-3050 m) in the Aleutian 
Islands, whose largest snowfields lie on Mount Makushian. The glaciers 
also decrease eastwards into the interior of Alaska which has valley glaciers 
only. ITiese are small and their snouts rarely descend below 900^1200 m. 
Peaks of 1200 m, even north of the Arctic Circle* are frequently without snow. 

Europe's irregular relief makes a similar comparison impossible. Vet 
Norway’s gladerisation, which is the severest on that continent, becomes 
steadily less intense southward. Finally, small cirque glaciers only are to 
be found, 

ITie following table which in the main is that compiled by Hess^^^ gives 
the glatierised areas in tlie various regions. It departs from his estimates in 
substituting Ahimann's figure for the Alps^^® (Hess, 3800 sq. km), K. J. 
Podesersky's figure for the Caucasus^ (Hess, 1S40 sq* km)* his own later 
figure for centrd Asia,2Sl S, Thorarinsson's figure for Icelandfor that of 
Thoroddsen (13*500 sq. km), N. N. Urvantzev's figure^B^ for Severnaya 
Zcmlya, F. Loewe% figurefor Greenland, J. J. Doay^s figure^^ for New" 
Guinea, and H. P. Kosack's figure of 13,101*154 for the *'^tarctic ice (see 
p. 7S). The larger numbers are all approximate. 
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Chapter V 
ICE-MOTION 
J* Facts aj Ice-motion 

Measurement. Glaciers, following the eommon opinion of the ancient 
Greekswere considered to be composed of rock crjataJ kte possibly as 
the beginning of the iSth century—mention may be made of the younger 
Pliny, j. Simier and J. v. Mural—yet few held this view after the middle of 
the 17th century. Though W, G. Ploucquet^ in 1789 denied their onward 
movementp the fact that ice moved was early known to the Swiss peasants 
and was familiar to them and to a number of naturalists^ towards the end 
of the iSlh century because marks indicating favourable crossing places on 
glaciers were displaced and ice Ln%'adcd ground pTcviously uncovered. Ice^ 
flow was probably knowTi even earlier in Iceland for the word skTidJokutl 
moving glacier”) is several hundred years old^: that ice moved was ex¬ 
pressed in 1695 by T. Vidalin and in 1794 by S. Palsson, Gniner,^ in 1760, 
was apparently the first to give a measure of the actual velocity^—a stone 
travelled 50 paces on the Grin del wald Glacier in six yeans. Methodical 
studies began with Hugi^who ascertained the rate from the shifting of his 
hut on the Low^er Aar Glacier—the hut moved 330 m between 183.7 
and 1438 m between 18^27 and 1840. Between 1840 and i^zz the distance 
travelled was 3-858 miles (4-6 km) or an average of 184 ft (56 m) per annum*^ 
The simpler laws were first deduced in Switserland w^here Europe’s glaciers 
are most accessiblep the subject of glacier-physics was first studied, and the 
nomenclature was developed: Forbes® on the Mer de Glace de Chamonix^ 
Agassiz^ on the Lower Aar Glacier, and the brothers Schlagintweit^^ on the 
Pasterze were the pioneers. The last decade of the i gth century saw research 
extended into the Arctic, chiefly Greenland—P. C. Chamberlin (1S94), 

G. F* Wright (1894), R. D* Salisbury {1895), R. S- Tarr(j897)—and Alaska— 

H. F. Reid (1S91, 1896) and I. C. Russell (1890, iSgi). Nevertheless, the 
Alps* in w^hich the focus of study spread eastwards, continued to provide the 
basis for most conclusions as formulated by A. Heim, E. Richter, E. Blucmke, 
S. Finsterwaldcrj li Hess and later by 1 L Bader. 

The earliest determinadons^ like some later ones, had more or less the 
nature of accidental discoveries: clothes lost on the Glacierdes Bossons were 
subsequently extruded; the ladder which de Satissure'^s guides left in 1788 
on the Mer de Gbce was picked up in 1832 4050 m lower down^ll Hugi's hut 
was shifted (see above); Agassiz's " Hotel des Neuchiteldb” (or its remains) 
moved 4-6 km between 1840 and 1923^^ (see above); and bore-rods placed by 
Hess in the Hintereisfemer in 1901 had mo\^cd 1090 m by 1931.^^ The first 
deliberate attempts were based upon the displacement of stones; H. Besson,!-^ 
the first to use this method, placed them in a straight line across a glacier 
between two fixed points on its hanks. Later, F. A. EoreP^ suggested that 
they should form a continuous row and Heim that they should be painted and 
placed in a se ries of lines. \ et stones give a false idea of velocity since they 
have their own motions,"Tabling'' and gliding are chiefly responsible 
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for a$ in Nonvay and on the Hintereiijfcm^r where the annual 

error totalled 2 cm, though tJiin stones melt their hollow's downstream by 
pressing against their sideJ® Big boulders on steep slopes facing south have 
the highest proper motionn This is relatively large on glaciers whose annual 
floAv is very small and reaches its maximum in summer towards the snout 
where melting is excessive. To overcome this, stones were anchored with 
feel of steel wire^® or chosen of such a shape and size that they neither sank 
nor tabled (see p+ 6 t), 

Another early methodp used fay A. Escher in 184* on the Aletsch, was to 
drive Stakes into the ice. More recentlythe rods have been inserted into 
bores. Rods have been used on the Rhone Glacier since iSS^ and are pre¬ 
ferable to atones which, especially in the n^v^^, arc quickly buried. On the 
icc-sheets which have no stones or similar points of reference, positions are 
fixed by bamboos or ice-pinnacles,^ as was early done in Greenland by 
A. Hellandp R. Hammer^ C, Ryder and K. Steenstrup, Din cones have also 
been used. 

In measuring glaciers, three methods may be employed: the graphicalp 
tachymetric or trigonometric^^ A fourth or stcreophotogrammetric method 
is increasingly facing used-'*: photographs are taken from the air across the 
ice-current or with a photo-theodolite on the ground, the photographs being 
repeated from the same point at intervals of some days or by a pair of short- 
base photogrammetric cameras. The fons^rd movement of stones or 
crevasses on the glacier-surface can then be measured with great accuracy^ by 
a stereo-comparator as parallaxes. The method has the advantages of 
accuracy and shortness of field work to commend it—it may therefore be 
used for mapping glaciers by short expeditions—as well as the ability to 
measure glaciers or parts of glaciers that are badly broken or crevassedp 
though it is less suitable to the uniform surfaces of n^ves. The mcasure- 
ments^ being taken from pictures that arc preserved* cw. be checked later at 
any time. 

Exact measurements 25 have in these ways been madep for example, for the 
Alpine Obersul^faachfemer, Vemagtfemer, Hochjochfemer, Hintercis- 
femerp Gepatschfemer, Guldenfemer and Yamtalfemer. In other parts of 
the worldp relatively few glaciers have been similarly surv'eyed; Drv'galski^s 
work in west Greenland^* and R* Finsterwalder's mapping^^ in central Asia 
(Pamirj Himalayas), the Cascade Range and South American Cordilleras 
are notable examples—other work has been done in Spitsbergen and on 
Mount Kenya. 

ITie annual velocity may also be roughly gauged by the distance between 
transverse crevassesp^® moulins^^ or dirt-bands (see p. 50). Lines on a map 
joining points of equal rates of movement, such as have been drawn for the 
tongue of the Pasterze^ (fig. 29)> have been named " isotachyte^ 

Laws. Although we know the distribution of surface-velocity' for com¬ 
paratively few glaciers and the velocity in a vertical sense for still fewer, wc 
know^ enough to arrive at qualitative law^. They resemble the laws governing 
the flow' in rivers; the analogy' between rivers and glaciers has, indeed, been 
often stressed,^2 the difference being mainly quantitative and due to the great 
viscosity of ice. 

Longitudinal velocity^ evinced by crevasses and dirt-bandsp varies with 
the slope of the bed and of the icc-surfacc, with the depth, width and 
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cross-section of the iccp with the amount of associated water and with the 
tcTnpcraturc .^3 Mean velocity, surface-slope and cross-section arc con¬ 
nected by Etyelwein's formula for the movement of w-ater in ri%^ers and 
canals. 34 Since the product of the velocity and cross-section is constant ,35 
the flow m constrictions is accelerated, as on Engebrae, The 

effect of thickness la^as studied mathematically by A. Odin^^ though 
Agas5iiz,3S foMowing E. de Bcaumont^^^ had already noted that hanging 
glaciers, though steep, flowed relatively slowly because their basal friction 
w-as greatn 



FtCr 39n IsotAchytA On the Paaierz* tdn^^c (a) and velociiy diagram? aJan^ thret uana- 
IKCtlons (ft). V. PujchiOEcr, p, 51. 


The velocity rises from the nive which^ though little studied ,40 flows 
slowly owing to its breadth and shallowmess and gentle slope to a certain 
point on the tongue. It diminishes thence with lessening thickness towards 
the snout 41 unless, as in the Mer de Glace and some Greenland glaciers, the 
gradient steepens. It rises towards the snout in those glaciers which pass 
into ice-fjords since the sea-water fills their cracks and increases their rnobility 
and speed. 42 . 

Recent investigations,^^ following upon earlier observations,**^ suggest that 
the line of most rapid motion divea steeply downwards from the bergsehrund 
into the fim basin (as Agassis 4 S notice), rises about the fim- 

line, and appe^s at the surface above the snout. This disposition of the flo%v 
explains the tilting of the stratification in the firn (fig+ 30), the dowTiward 
widening of crevasses in the fim (s^ p, +5), the verdcality of bore-holes 
several years old when exposed to view again by the ablation of the new’cr 
layers during an excessively warm summeri the freedom from crevasses tn the 
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fim of detrituSp even near the ber^chrund^ md the grinding out of the mck- 
basins (see p. 274). 

Obaerv^ations^ on the Pasterze and other glaciers confirm the Jaw pre¬ 
viously found on the Hintereisfemer'*? that the summer movements^ because 
of the lower frictional resistance caused by soaking the tongue and sole w ith 
%vater, are greater in the low^er third while in the remainder, indLuding the 
fim the winter velocity is higher because of fim pressure — the w inter 

flow in the fim is of two types, one the movement of the glacier proper, the 
other which is superimposed upon it the creep and compaction of the snow,"*^ 





Fig. Ccutm of stratificatiftn pkum and lines of flow in e. cii'quen'^lncierr R. SlrtifiT- 

B«kcr, 1^49, pr I Jr 9- 

The Statement, based upon careful measurements,^ that flow takes place 
towards the source at night and towards the extremity during the day, and in 
two contiguous parts may be in opposite directions at the same timep docs not 
apparently apply to all glaciers and may itself rest upon errors introduced by 
the temperature of the instruments.^! 

I'he components in composite glaciers may have very different velocities. 
Some may even be ineit.^^ as in the Asau Gkcier of the Caucasus where the 
middle flows between two Jong stretches of dead ice severed from their 
feeding grounebs 

Contrary to the view^ of early w riters^^ who were led astrav by the direc¬ 
tion of the marginal cre^^assesp the velocity rises inwards from the edge. 
A. Guyoi^ and R. MalJett^^ the first to recognise thiSp appreciated the effect 
of marginal friction and the true significance of the crevasses and terminal 
moraines. Direct proof was given later by Rendu 5 * and by measurements 
and stercophotogrammetiy of certain Alpine glaciers though moraine? and 
marginal crevasses make them difficult. Exceptions occur where, as in the 
Froya Glacier of north’^ast Greenlandp a presumed buried ridge slow^s dow^n 
the flow along the median line. 

That the curve is not a parabolap as ViolIet-le-Duc thought, has often been 
demonstrated,^ though it approximates to this cur^e on larger glaciers.*^ 
The rate rises very rapidly from the margin but remains fairly constant over 
the middle stretch, possibly as a result of the enhanced plasticity and there¬ 
fore smaller etoaion^^ (cf. p. 231)- The increase, due to lessened friction at 
the bottom and sides and to great thicknessi *52 varies w ith the shape and com¬ 
position of the bank and with the cross-section* The curve is more flattened 
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in U- thiin in V-shaped valleys anJ critical points correspond to those in 
the cross-section of the bed as Forbes^ anticipated and bores through the 
Hintcreisfemcr have proved.^^ Retardation also rises with the gradient and 
seasonal temperature^ and varies inversely with the total movement.^^ 
The 20 km broad Slorgladcr of Greenland which in its centre Hove's at 
1700 m/annum has an annual marginal velocity of only 10-50 The 

increase towards the centre where the flow is constant may be either linear 
or with a quadratic or still higher function depending upon the cross-secdon 
of the bed. In glaciers with a block movement (see p. JiS) the rate of flow 
rbes much more rapidly from bottom and sldes^fi^ and also of course not 
regularly. 

The locus of the point of maximum velocity in a straight stretch coincides 
roughly with the glacier's axis. Ice-pressure displaces it in a winding 
glacier towards the bends (exceptionally to the irmer side’^^), the cun^e being 
more sinuous than the glacier itself but in the same sense, crossing the axis 
at each point of contrary flexure, it was early demonstratedand is well 
depicted by median moraines and dirt-bands.'^^ 

Below' a confluence, the inner margins slope gradually less and the lines of 
maximum velocity rapidly approach and finally unite”^^ so that the glaciers 
which had been separate entities coalesce, as is shown by flow measurements, 
by ogives and by the pattern of crevasses* The movement to the sided, which 
is partly responsible for spreading the moraines, has been proved on many 
glaciers^'* and most clearly by a long series of obseiTi'ations on the Rhone 
GUcier*^^ 

Early observ'ers,^^ despite the unreliability of their figures, w'erc able to 
show that the flow in valley glaciers decreased downwards. The verticality 
of moulins, proved by Agassiz,'?^ led Forbes^ to affirm that the decrease was 
mainly nearly the bottom. This conclusion has been sustained'^® by measure¬ 
ments^ by shafts, by the absence of strain on bore rods, and by (^dilations 
on the Hinterelsfemer. The bottom velocity on this glacier and on the 
Vemagtfemer and Pastci^.e is 75% or even 95% of the surface %xIocity®t>: 
the fraction increases during a retreat and decreases during an advance and 
with quickened flow. The maximum velocity, it is said, may be below the 
surface as in rivets®* ^ for bores in the Hintereisferncr were constricted 
8-12 m down.fi^ 

Figures of velocity ^adient®^ demonstrate that the basal layers flow^ ex¬ 
tremely slowly if there is no sliding, though striated surfaces prove some flow. 
The law governing the downward reduction of velocity has yet to be dis¬ 
covered (see pp. 114, 123). 

Friction and clogging with debris reduce the basal flow,®^ especially at low 
temperatures. Debris, unequally distributed, causes local variations or even 
stagnation. Clean ice advancing upon consolidated gravels charges its basaJ 
layers and so flows more slowly. Hence, the distance to which a glacier 
descends is affected by the subjacent rocks: it is more for example on sand¬ 
stones than on shale$,»5 

This downward decrease of flow, accepted as almost axiomatic from the 
early observ'ations on mountain glaciers and from the analogy w^ith rivers, is 
not universally true, viz. in those parts of valley glaciers where the flow is 
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over level ground or through rock-basins or in the case of ice-shcets or 
plateau glaciers (see p. 123). 

The ''brittle"* upper crust, with its crev^asscs, rides more or less passively 
on the plastic lec though with some motion of its own. Flow k not by 
“ gravity or drainage flow as it is in those cases where the velocity decreases 
dowTiwards, but by an **extrusion or pressure flow" (see p. 122)- 

Early inveatigators neglected vertical movements and those they did 
determine were unreliable. The first extended series of these difficult 
measurements was made on the Xarajak Glacier^ west Greenland.®* Upper 
movements towards the margin were observ^ed by Agassiz®^ and later by 
glacialisls®^ on the Hintereisferner and the glaciers of Greenland and of 
Yakutat Bay. They arc confirmed by the raised edges at the contact of 
two gkcicrsj on the concavities of bendsp and where morainic protection is 
lacking. 

The obliquely outcropping ice-layers which aiiBe from differentia] melting 
behveen the outcrops of dirt-bands form a series of small^ parallel terraces or 
ridges concentric with the snouts,^ The upturning varies from a few^ degrees 
to vertical and is commonly 30-40®. It is more at the end than at the sides 
and is conspicuous to considerable distances from the snout-®^ This sw^elUng 
and upturning towards the snout, with its accompaniment of thrust planes, 
arises in several ways,^^ e.g. from the action of the glacicr-bed and of basal 
debris, from obstructions of schotters, moraines or snovv-bank giaders,or from 
melt-waters freeiing in these places as the result of the decrease of pressure. 
It is satisfactorily explained by the movement of stationary glaciers-®^ 

Observ^ations show that the flow varies seasonally^ (contrary^ to an oc¬ 
casional statement®^ because of the penetration of summer heat and seasonal 
melt-waters. The ratio of summer to w'inter flow, which has been given as 
2:1 (Tyndall) or 9: S (J- Vallot) and is often 4; 1 ^ is highest towards the snout 
and in thin and small glaciers or in those which attain the lotvest levels. In 
large valley glaciers the variation is below 10% of the velocity.^ Hence 
Greenland glaciers^ notably if they issue from the ice-sheetp vary little if at 
all since their great depth and low temperatures are inimicaL®^ A review^ of 
the literature^® shows that a big summer advance characterises advancing or 
stationaiy glaciers and is related to the small difference between the surface 
and bottom velocities. 

Since the temperature and amount of water are inconstant and vary not a 
little with the season and from year to year, glaciers vary in their flow' over a 
number of years. This was conclusively shown for the Vemagtfemer ^ 
though the variationsp as elsewhere^ arc less near the margins. The same 
factors are responsible for the quicker flow during the day, as proved for 
instance on the PasterSM:**®: Agassizerroneously entertained the contrary' 
view. 

Data. Although the velocity at a particular point b subject to strong 
variations and, as on the Crillon Glade fp Alaslta,^^^ changes from day to day 
so that measurements confined to a few days are unreliable guidcs ,^3 
know enough to gain some idea of the velocity' in various parts of a glacier and 
at various periods. Its annual amount in the bigger Alpine glaciersb 
between 30 m and 150 m, or perhaps one fool ^ cm) a day: in the ice-falls 
of the eastern Alps it is 20-28 Norwegian figures are similar™ and 

may reach about 35 m. 'fhb is true too of Spitsbergen glaciers 1^7 which are 
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relatively thin and have much basal debris. Few satisfactory data are avail¬ 
able for Iceland, though O. ToreIJ's obsen atioaa appeared m early aa 1857^^ 
—Hoffellsjdkull moves at an annual rate of 225 m, 1400 m from the ice-front, 
and may have a itiaximurn annual speed of 700 In Greenland, on the 

other h^d, much work has been done in this connexion since Helland’s first 
deterrnmation in 1875^^® and the somewhat later ones by Steenstnip and 
Komerup.il 

Hel land’s figure of 20 m/day on the Jakobshavn Glacier, though deemed 
untrustw^orthy,!!^ has been fully borne out by e^'cn higher rates^*^ and par¬ 
ticularly by Diy^galski's extended series of measurements on the Karajak 
Gladerii’* (70^ 23'N. Lat.). NeverthelesSt these observations, which give 
daily values of 15-30 m, arc exceptionally^ since the border of the ice-sheet 
has an average flow of less than 30 cm/diem^^^ and glaciers from the island- 
joe flow at a rate comparable with the Alpine.i^^ High velocities distinguish 
only the “ running*" or outlet glaciers w^hich are pressed into fjords, notably 
ice-fjords transecting the mountain barrier, and because of the diminished 
resi$tancc which floating, calving and bathing of the ice in water occasion, 
move more rapidly than glaciers w^hich end on land.^l* 

The flotv lessens from the margin into the interior of the ice-sheet the 
daily rate of 18 m on the Upemavik Glacier was only 2 *5 cm on the ice-sheet 
a little distance back from the margin* The ice-sheet^s annual velocity 
has been given as about 11 m or 22 m. 

Data suggest tliat the daily average rate of the Himalayan and Karakoram 
glaciers is not less than 50 m*2i though in the Rakhiot Glader of Nanga Parbat 
it amounted to 130-S00 m/annum. 

The Antarctic ice in regard to the velocities within its mass and throughout 
the year probably varies less than any other iceJ^ It flows more slowly 
than Greenland ice as L. Bemacchi, J. G. Andersson, R. F, Scott, W. S. 
Bruce and E. v, Diy^galski have show'n—paucit)^ of mek-w^ater, extreme cold 
and small plasticity, combined with relative tliinnqss and the attainment of 
the coast over almost all its length, account for the difference'^^; the shelf- 
icc and the Antarctic ber^ calved from it have a high degree of rigidity and 
show' no signs of pi astic deformation J | slowness is strikingly exemplified 

in the inability of the Ferrar, Mackay and Fry giaciers to raise pressure ridges 
in the sea-icc about them,!^* as well as in the following figures the Beard- 
more Glacier, in its swiftest part, flows c. 90 cm (3 ft)/diem; the Ferrar 
Glacier, 4-5 cm; the Maekay Icc Tongue 84 cm; and the ice at Gaus$berg 
40 cm, becoming less inwards from the margin. The annual velocity of the 
Bame Glacier is r, 9 m and qf the Blue Glacier, Royal Society Range, i *2 m. 
Considemtidns of precipitation, ablation and flow suggest that the snow in 
the interior of the Antarctic may reach the margin only after 20,000, 25*000 
or even 50,000 (cf Greenland, p. ^51). Corresponding figures for 

the Rakhiot Glacier 15 km long and 200 m average velocity are 75 years, for 
the Fedchenko Glacier, 1000 years,At least 500 years have been assigned 
as the age of the snout of the l^wer Aar Glacier,l^ 

KnoAvledge of the depth and velocity of a glacier enable calculations to be 
made of the volume of ice that passes annually across a particular profilep 
The Fedchenko Glacier, for example, which has an annual velocity of 170 m 
and an mclination of 4% and a thickness of 550 m in the middle part of its 
long stream, was crossed here by c. 111 million cu. m of ice.^^i 
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z. Ice-temperatures 

li^tving obtained some idea of the flow of glaciers we have now to consider 
the vital question of its cause and the preliininar)' question of the distribution 
of temperature within the iee. 

Figures of internal temperature are scant)^ and often of a limited usefuU 
ness; for moulins and crevasses are afFected by air-currents and like bores are 
generally shallow'. Kugi on the GrindelwaJd and Agassiz on the Lotver Aar 
Glacier made the first investigations-Indeed^ tmtfl the revival of interest 
in the subject towards the end of the 19th century, their results stood almost 
alone. 

Glaciers consist of two ^nes^ an outer one of fluctuating tempemture and 
an inner one in which the temperature is approximately uniform. In the 
former, the ice behaves like any other rock and its temperature is susceptible 
to oscillations governed by the amount of snow*-covcr and by the changing 
temperature of the air above from hour to hour, day to day^ season to season, 
and year to year.^^J xhc change is effected by conduction and by air-circula¬ 
tion and is felt in Greenland to a depth of 50 mJ^ Agassiz found tlial the 
daily oscillation died out 2-5 m down in bores sealed at the surface and that 
between 30 m and 60 m there reigned a constant temperature of o®Cp a result 
others had already anticipated from theoretical studies, 

Each day, notably a foehn day, sends a wave of heat-energy dovvn into the 
glaciefp each night a wave of revem nature. These weak w’avcs penetrate 
quickly and wiih deceasing amplitude. They vanish completely at a shallow 
depth which on the Jungfraujoch is 10 cm and in Greenland's interior is 
I m and nearer its margin 07-0*8 m- Each season sends greater and deeper 
waves w'hose penetration depends upon the difference between winter and 
summer air temperatures and the consistency of the ice: the more uniform 
the surface temperatures, the deeper is the layer of stationary temperatureH 
The amplitude decreases exponentially downwards^^? in Greenland 

it amounted at the surface to 40®C and at a depth of 20 m to only o-iC.^^a 
The cold maximum of the long winter wave enters later as it marches down¬ 
wards and its velocity which in Greenland was 1 m/monthis reduced in 
the same sense. The waves, for example, required t^vo days to pierce i m 
and ten days to penetrate 3 m-^'^ Cold w'avcs travel more slow-ly than warm 
waves in which percolating waters aid conduction : the disturbance of the 
firn by digging, which by destroying the ice-bands and layers of low' per¬ 
meability (see p, 32) allows the melt-waters to penetrate more readily, explains 
w^hy shallow' pits give higher temperatures than bores 

l"hc temperature of the variation layer, due to interference of cold and 
warm waves, oscillates between and the normal air temperature of the 
IocaIity\l '^3 Xhe temperature-depth curve on Isachsen's Plateau in West 
Spitsbergen* and in the Jungfraujoch, is in fair agreement with that calculated 
from the knowTi air temperatures and the thermal constants of the 
The surface temperature at night and in w inter in Alpine glacie^ b depressed 
below o^'C but affects only one or two metres. Where the cold is more or less 
permanent, the upper strata are alw'ays below O^C; the n^v^ of Mont Blajie 
is constantly at — i6-8^C at a depth of ics-13 m^*^; the Antarctic ^ve a reading 
of ^ 14 ^ 5 . and seismic methods tao km from the ice-edge in Greenland 
yielded a temperature of — i 6''C at a depth of iSo 

The depth reached by seasonal waves is much less than the 50 m Hetmi^ 
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assigned to it, lleprcsentadve aine i or 2 m in \ve$t Greenland* 

14 m on the Bor^jord, Greenland, and 15 m in central Greenland; 12-15 ™ 
on Upper Seward Glacicrp Yukon Territory"; 15 m on the Tete Kousse and 
Jungfrau; 14 m on IMont Blanc; S m on the Hintercisfemer; and 1 m on 
Snow HiUj Antarctica, 

ITie zone of constant temperature h present every^^herej unless the ice» as 
around the edges, is thinner than the zone of fluctuating temperature. Its 
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highest layer has the mean annual temperature of the air^ Where, as 
^nerally in Scandinavia and the AIp&, this is not far from o'^Cp the glacier 
is approximately at freezing point.^^o If, as in high latitudeSp the annual 
temperature is far below o"C* the glaciers are cold J Thus this horizon 
m Greenland ranges between — J5^C and The Antarctic has 

resultsthe large temperature variations at Maudheim, 
which ranged front o'^C in summer to r. —45^0 in winterp were quickly 
damped down so that at a depth of 5 m the swing was only about 4*C, at 
lo in I Cp and at 20 m only 0'O5*C—the mean annual temperature at a 
depth of too m \ya& — and at 1S5 m was that of freezing point of 

Water, Glaciers in the Mount Everest region are frozen throughout+^^'* 
The prevailing characteristics of these** cold" glaciers are rele^it to their 
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fro£Ci^ basal melt-water is absent; rtpeatcd iinbricate faults, 

shear planes and drag folds traverse the basal layers^ terminal and side 
walls are vertical or overhanging; composite glaciers have discordant and 
overriding junctions; and many glaciers adhere to steep rnountain sides. 

J* P- Koch^^® found that the temperature at greater depths rose i^C for 
every 20 m. Drygolski's serial observationSp^^^ the first to give trustworthy 
information about the temperature throughout the year in a glacier's mass,, 
showed that it approached the melting point and that the Greenland ice 
had this temperature below a certain horizon. KochV conclusionthat 
this is at least 140 m down agrees with observationsin the Antarctic and 
in North-East Land where the temperature was negative to at least 150 m and 
probably to the base at aye m. The isotherm of o°C lies beneath the Bames 
Ice Cap of Baffin Land*^ — no water issues from beneath the ice. Bores in 
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the Hintercisfemer^^^ showed that the temperature is that of the freezing 
point corresponding to the pressure-conditions at each depth. This was 
confirmed on the Jungfraujoch^^- and follows too from a consideration of the 
factors known to be at work within a gbciori**^ according to the Clausius- 
Clapeyron equation and including the heat generated by friction^^^ as well 
as from experiments of the efiect of pressure on ice-temperaturesJ®^ 
I less affirms that the difference between the observed and calculated 
temperatures increases downwards but that the results are not accurate enough 
to justify the conclusion that it represents the effect of lateral pressure due to 
flow. ITiick glaciers^ it has been suggested, do not attain the critical 
pressure-temperature, the actual temperature being below it. 

The basal layers since the days of Hiigi and G* Bischof^ has been thought 
to be roughly at melting pointand slightly below o°Ci Exceptions occur 
where the ice b thin and free from snovV;, as around nunataks in east and south 
Greenland and along the margins of glaciers and nives^^^ (fig. 32) and in 
the glaciers of the high polar t)^pc of north-east Greenland where the ice even 
in summer is frozen throughout its ruass.^^^ There are several reasons for 
this view: bores contain water In summer even down to the sole of the 
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riii’itcrcisfcoicr^‘^2 to a depth of f. 21 m in North-East aub- 

glacia] streams flow in winter^^"* (see p, 67); a considerable volume of sub-^ 
glacial water h essential to prevent the temperature falling below melting 
point*^^; and there is a continuous and uniform supply of heat from below 
(this is 100 times that due to flowage^^^) and from friction along shear 
planes Considerations of the geothermal gradient lead to the conclusion 
that the gradient in ice is less than in rock and that a part of the heat is used 
for basal melting. Seismic methods suggest that even at the base of the 
Greenland ice-sheet large lakes of water are dammed up.^^^ Hence^ con¬ 
trary to the early vieu\i*^ a glacietj except near its bergsehrundp is not frozen 
on to its rocky bed. Nevertheless, glacier-lakes, striated surfaces and bores 
prove that the contact i$ 

The nature of the contact is intimately connected with the isogeoiherms* 
In an average glacier, the melting point isotherm is probably in 5 ic ground 
below the fim but emerges and passes into the ice down the valley^^^ so that 
the tongue rests in a bed which is always above freezing point,^®^ In Spits¬ 
bergen for cstamplej the ground is unfrozen beneath the tee (except near 
the marginjt bottom melting is Initiatedp and subglacial streams begin to flow'. 
In the Sareks region, Swedish Lapland, the glaciers rest in beds w^hich are 
permanently frozen and there arc no subgiacial streams in winterJ®^ 

The annual isotherm of o*C of the Alps lies in the ground at the snowline^®* 
or at elc^'ations of 2750-2000 m (in the Karakoram Mountains somewhat 
lower but is in the air at 1900-2000. Some verj' steep j\lpine glaciers 
are dearly frozen to the base^®® and a small rise in the temperature of the 
subglacial ground causes ice-avaJanches. 

The temperature of the Pleistocene ice-sheets w as also probably highest 
at the base and in the neighbourhood of o^C^—^thc mobility of the ice was 
facilitated by saturation with w^ater—tliough the isogeotherms were depressed 
and the cold penetrated the ground below (see p. 1344). A cold layer too m 
thick has been postulated for the Pleistocene ice of the Alps.^^ 

These considerations lead naturally to the idea of a geographical classifi¬ 
cation of glaciersj^* viz. into "temperate'''(Ahlmann) or "warm” (Lagally) 
glaciers and polar glaciers, the latter subdivided into highpolar and subpolar 
or “transition” (Lagally) glaciersv In temperate glaciers, c.g. in Europe, 
Spitsbergen and North-East Land, the temperature is at melting point in 
winter and the top layer has a negative temperature to a depth of a couple 
of metres (see p. 105); polar glaciers have a negative temperature even in 
summer to a depth of too m; the high polar tjpe has no thaw water; and the 
subpolar tt-pe has thatv water in the accumulation area in summer. 

3* The&Ti^s of Ic€~ motion 

General. Ever since de Saussure made his famous ascent of Mont Blanc 
in 1787 and began hi$ glacier researches, glacier-motion has been a topic of 
lively interest and debate. J. J. Scheuchzer and J, H. Hottinger were the 
earliest to speculate upon the cause tliough L. Bordier made the first sound 
guess by comparing glacier-ice tvith wax. Playfair imagined that glaciers 
were undermined by earth^s heat and impelled by their own enormous weight. 
Altogether about 80 theories of glacier-ntovemenl have been propounded, 

In dbcuMuig the most important of these a mathematical treatment has 
been deliberately avoided. 
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Ice-motion, according to the laws of fluid mechanics, is controlled by the 
gradient^ the volume and depth of the ice, and the potentia] energy not 
expended in overcoming internal cohesion and basal and marginal friction. 
What, however, is the physical cause ? Ice moves as a plastic substance, yet 
possesses ciy^stallinc structure. How are the ttvo to be reconciled ? Numerous 
geologists and physicists have conducted this research. 

.Although the subject is more and more being placed upon a rigorous 
scientific basis, a complete explanation is still awaited^ Many of the hypo¬ 
theses outlined below' contain elements of truth and a complete theory should 
take all into account. None, however, is adequate alone and most involve 
assumptinns that do not command general assent. 

Experimental support of the various theories is incomplete and uncon¬ 
vincing. Systematic obser\^3tions carried on for decades, such as those made 
since 1S74 on the Rhone Glaqier*^^ and for shorter periods on some Tyrolese 
glaciers, e,g+ the Hintereisfemer,^®^ are required since accurate deduction is 
only possible on a foundation of precise and quantitative facts. Knowledge 
of the velocity’s distribution along various profiles and throughout a glaeier 
as well as of its economy are essential. Physical constants are like^vise 
important. 

Structure and physical constants. P, Groth^^ thought ice possessed 
trigonal symmetry* X-ray examination, however, seems to confirm the older 
\'iew of \V. Scoresby, G. Heltmann and E. Belcher that its symmetry is 
hexagonal and holohedral,^^^ though a cubic form may exist at temperatures 
below — and under special conditions. The views therefore that ice 
was dihexagonal pyramidal*^® or had hemtmorphic or polar axes due to the 
asymmetrical location of the hydrogen ions in the lattice with respect to the 
basal plane would seem to be erroneous since neither piezo- nor pyre¬ 
elect rical effects have been obser\Td in ice^*^ (such polar properties might be 
masked by twinning). Nevertheless, H. Bader Concludes from asym¬ 
metrical air bubbles in ice that the ice is hemimorphic. I'he space-group is 
Df. There are four molecules of tvater in the unit cell of the structure, the 
dimensions of which arc ^ = 4-53 A, c = 7^41 A. The ratio of the axes is 
c:a= I “634. The Ivaue-diagram of the icc and the arrangement of the 
atoms (according to G. Aminoff) are given in the accompanying figures 
(sec figs* 33 (a) and 33 (b)). The oxygen atoms lie in puckered hexagonal 
layers in which they are raised and low^ered alternately. .Adjacent layers are 
mirror images, and the sistes of the parameters arc such that each atom is 
surrounded by four oxy^gen atoms in regular tetrahedral arrangement at a 
distance of 2-76 A* 

Dobrowolski 203 has given a complete review of the crystal. 

The values of the two rays sre 1 '31041 and 1*30911,204 figi.jres differing 
only in the second place of decimal from those obtained by Beitin.^OS sec¬ 
tions normal to the principal axis are sometimes not isotropic2<>6; this is 
due to strain or because the plates are not quite parallel or contain foreign 
elements. 

The coefficients of linear expansion were determined by, among others, 
J. Dewar, Ek T. Nichols, and . 4 . J. H, Vincent: the values range between 
o 000027 o 000054. coefficients recognisable in the grains arc 

not detectable in the mass since the crystals are irregularly orientated. Con¬ 
ductivity is 0-0052-^'005 68, 
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The physical coDSUnla at diflerent temperatures are given in the Smith¬ 
sonian Physical Tables^^^by and by H. Landolt and R* Bomstein*^ 

The cohe-sion of ke i$ 7^^ kg/cm ; its crushing strength is 25 kg/sq. 
Kgum of the viscosity or coefficient of internal friction (;*} given by labora¬ 
tory experiments vary between lo^o g cm-^ $ec-^ and loi^ g cm-i scc-i ac¬ 
cording to the pressure, temperature and crystalline structure 2 li They 
agree roughly with those obtained from glaciers themselvesp as from bores in 
the Hintcreisfcmer which gave M. Lagally g cm-^ sec-^ and H, Hess^^^ 



a figure at the base of 1 '8— 5 > 26 x g cm-^ aec^^* These figures may be 

compared with the following calculations 213 * Finsteraar Alclsch 

3'6xioJ|, Mer dc Glace t'^xicji^p Rh6ne 3^5x10^1, Hintereisfemer 
3'OX 10 , Fedchenko 4*oxioiip Notgemcinsebaft and Zemu 

3-9X1011. . 

The modulus of elastidty^ 2 i 4 ’^hich ranges according to laboratory experi¬ 
ments be^een 92,700 kg/sq. cm and 23P632 kg/sq. cm and varies with the 
reJaUon of the optic axis to the direction of force, has been seismically proved 
on the Pasterze to be 7ijO™ kg/sq. cm.^is yields elastically w^hen pres¬ 
sures slowly and carefully applied and is only permanently deformed 
beyond a certain minimum Btrc$g.!ii6 

Sliding hypothesis. One of the oldest hvpothesea^n attributes movement 
to a vvhole glacier sjiding over its bed like'a rigid body devoid of flexibility 
^d pl^ici^. While de Saussurc^ll* stressed the importance of lubrication 
y subglacial waters, De Luc^^^ thought glaciers were supported on 
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ice-pillars which gave way and W. Hopkins arrived experimentally at the 
conclusion that they slide by sections or strips of indefinite lAidth^ parted 
by crevasses. The hypothesis aftenv'Srds found few adherents^l for the 
arguments against it are vv^eighty^; it ignores^, for instance, differentia] flow 
and the displacement of particle at a rate depending upon stress and viscDsit>\ 

Nevertheless, some sliding almost certainly occursthough it is difficult 
to evaluate since little is known of the coefficient of friction of a glacier upon 
its bed. R. M, Deeley and P. H. Farr^^^ who attempted to ascertain this 
by finding the amount of slip w hich would bring the actual surface velocity 
into agreement Avith the theoretical velocity, estimated the sliding for the 
middle of the Hinterebfemer at 52'2% of the total movement* Hess cal- 
culated it for the same glacier to be at least two-thirds of the total surface ffoAV 
and M. I'. Perutz that half the surface flow of the Jungfraufirn w'as due to 
sliding on the bed*^^ Obsen'ations on the Rhdne Glacier gave a figure of 
4'7 ±0-2 m/annum at the very snout.^^ TTie amount doubtless depends 
upon the gradient^ the quantity of debris and the nature of the bed^^; if this 
is rough and uneven, friction is great and sliding small; if polished and 
regular and well lubricated by subglacial waters^ gliding may 1^ not incon¬ 
siderable. While striated surfaces prove gljding^^® the clear subglacial 
streams of winter indicate little at this season.^® It is probably greater in 
periods of advance and feeble or wanting during retreat. 23<5 

Huge slices of ice not infrequently break off in the Alps.^-^* For example, 
a mass 300 m long slid from the upper Arcelin Glacier^^ and i km long from 
the Glacier du Tour, 23 ^ They arc also known from other glacJcr-ccntres.^^ 
Probably the biggest example of the kind tvas furnished by the steeply 
perched Falling Glacier of Alaska which with a length of c. i mile (1-6 km) 
entirely slid out of its %'alley in 1905.225 Such masses grade into iee-ava- 
lanches (see p. 22)* 

F* M* Stapf 2 ^ thought the Scandinavian ice in north Germany glided over 
its ground-moraine, lubricated by melt-waters, and J. P. Koch 23 ^ assumed a 
similar gliding for ice-sheets in general. 

According to a related hypothesis, 23 ^ the ice moved on satui^ted mud or 
on liquid rollers or buoyant cushions provided by subglacial streams and 
pools of water 2^^ derived from earth^s heat, from springs, or from pressure- 
liquefaction. Only one-half of the sole of the Pleistocene ice, it has been 
said, was at any one time in contact with rock ^240 Cross-striae, intercrossings 
of erratics and oscillations of ice-sheets have been attributed to variations in 
the volume of subgbcial waters. 2-* l 

Dilatation* T, de Charpentier^s dilatation hypothesis2^2 had been 

anticipated much earlier 2 ^ 3 j imagined that tvaters from condensation or sur¬ 
face melting passed into the crev^asses where they froze and by dilating drove 
the ice forward. This view^ found little support except in the modified 
infiltration hypothesis which substituted capillaries for crevasses and made 
granular growth the expansive force In either form it is to be rejected ^ 
because it is inadequate and the ice-motion decreases towards the snout. 
Moreover^ while water percobtes by crevasses and moulins and to a depth of 
i:. 2 m by capillaries since the trous m&idims drain during the night (in west 
Greenland, tvaters percolate 5 on In 12 hours 2 ^^) penetration of sound ice, 
though frequently affirmed,2-^8 ^ extremely doubtful 2 ^^ 

Alternate thermal expansion and contraction in the direction of easiest 
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movement. i,e. down the slope, has also been made the cause of steady pro- 
gress.^ aa has linear dilatation induced by greater mobility due to rise of 
tempemture.^^i This "crawling theory” illustrates the dangers of experi- 
meni en petit^H. Moseley jis chief exponent, experimented on sheets of 
lead. It is manifestly fallaciousfor the glacier^s interna] temperature is 
practically constant and its advance is neitlier proportional to its lengA nor 
absent in winter when snows protect it. Moreover, heat melts the ice: it docs 
not dilate it. 

According to Croirs ^' molecular theory the heat received from sun's 
rap, mild rains, wind and percolating waters, propels the ice by weakening its 
cohesion and causing molecular motion. Each molecule descends step by 
step as it melts and solidifies. In the liquid state it occupies less space and 
so leaves room to move under the force of gravity to a lower level where it 
solidifies. But flow occurs in the polar night and in thick masses as quickly 
as in thin and is affected by slope. 

Plastic theory^ Forbes ascribed the motion to plastic, viscous yield. 
Other naturalists had already anticipated this conclusion ^* or had noticed a 
glacier's resemblance to w^ax or flotving pitch.^^ Godeffroy^^^ advocated a 
rolling over motion as in a lava, a vi^w akin to that more recently put for- 
ward+^^® The movement has also been compared to that of solidifying 
plutonic masses or viscous lava-streams.^*® The w^ord for glaciers in Norway 
(frrer = paste or pulp) is in this respect interesting: Kees in Karmen and 
Pinzgau is, hotvever. not from German (cheese) but from r/m and High 
German 

The terms viscosity and plasticity have been uaed in discussions to denote 
the same physical property, although a viscous body is one which undergoes 
continuous permanent change of form under stress hotvever small and a 
plastic body changes its form when stress exceeds a certain vaJue-— until the 
limiting stress is reached the body is elastic^ While unconsolidated nivi is 
pscudoviscous, ice in the main behaves as a plastic substance: its law of defor¬ 
mation is not a linear function between the shear stress and the rate of shear 
strain. 

Cohesion is a property of rigid bodies, internal friction a property of fluids. 
That ice has cohesion is seen in crevasses and in the Chinese walls (see p* 3 S)' 
It is largest at low temperatures and is reduced near melting pointy especially 
under pressure when ice becomes plastic. Thus the question of cohesion 
and internal friction is one of ice-temperatures and these largely control the 
possibility and degree of movement. 

Glaciers behave as both rigid and plastic bodies. Their rigidity is seen in 
the scoring of rocks; in the pressure-waves produced where outlet glaciers 
join Ross Barrier; in the longitudinal folds sometimes induced where a 
glacier is constricted w'ithin a narrow, steep-aided valley in the shearing 
and buckling of the ice in its terminal part; in the backward slope of the ice- 
surface on rising ground, as on the impact side of nunataks or at the snout, 
and in the observed occurrence of srnaJl isolated g;aps (up to 3 cm in width) 
between the rock-bed and a cirque-glacier at a depth of 50 m.^*^ 

Plasticity is evinced by differential morion, by the disposition of dirt-bands, 
and by contortions and fluidal structures reaembling tliose of schist or gneiss^ 
Glaciers leV'cl up along their plane of contact, envelop boulders and obstacles, 
swell and sink around nunatakSp narrow and widen ^ong a valley, expand on 
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PLASTIC THEORY 

debouching on a plain, and in their external form adapt their mass to the 
topography. They form depressions in the ke of projecting spurs, insinuate 
themselves into fissures or the channels of subglacial streams,2^ flow oc- 
^lonalJy over steps without crevassing groove their soles in the ke of 
bouldersand contract the cross-sections of tunnels dug into them. 26 e 
Moreowr, striae divej^ge round roclics moutonnees, flute vertical or overhung 
rocks,conform to twisted surfaces and tortuous channels, ^70 and score 
^ncave faces of boulders, such as tabular flints In the Chalky Boulder-elav of 
England or fossils loose in the drifi^Ti (p|. vJa, facing p. 113). 

Ex^rirnents on unit crystals and on granular aggregates of icc and the 
repi^uction of almost all glacier characteristics on models of wax, mixtures 
of glue and plaster of Paris, or of pitch, the “poissiers” of W. J, Sollas also 
bear out this conclusion. These laboratory expcriments .222 though unable 
to reproduce the gladcr’s mass and complicated environment, throw much 
light upon the problem of flow and its effects: the)' illustrate, for instance the 
ascending currents in the lower layers when approaching an obstacle, the flow 
over lo^e material without its removal, differential movement, and the 
ongin of dJrt-bajids and crevasses. 

It IS not surprising in face of all this and notwithstanding the elasticity and 
the granular structure and banding of the ice, that many glacialists^W and 
probably the majonty of glacialists to-dav have favoured Forbes’s view or 
contend that a glacier, if not truly viscous In the sense of Newton, Stokes or 
Navier and "creeps”, is "vlscold", and in its "solid flow" is analogous to 
cold-rolled metals. The plasticity has been calculated from data obtained 
on the Hmtereisfemer and deterrmned by expcriments. 27 i These show that 
plasticity is not a constant but varies with the general structure,,the coefficient 
in the individual grain being insignificantly less than that of the mass which 
js probably about 250 times that of pi teh. The Inner friction diminishes with 
pressure — Hess 2 ?® dissented from this view'. 

That icc behaves like a highly viscous liquid and conforms to the laws of 
plastic substances la not to be denied: the aggregate flow of temperate 
glaciers at le^t simulates viscous flow'. But we may doubt whether the flow 
Im its origin in a true pJastlcit)'. Determinations of the coefficient of 
viscosity, based upon experiment and field observation, show considerable 
discrepancies, indicating variations according to the physical conditions. 
Thus plasticity is favoured by complete saturation and freedom from rock- 

debri5.277 

The cause of the apparent plasticity is somew hat conjectural. It is con¬ 
nected with temperature, stress, size, shape and orientation of the grains and 
is attributed to the follcrtviog: plastic deformation of the individual grain 27 «; 
translation along the lameilae^TS' ("microplasticity" of A. Renaud); inter¬ 
granular movement 2*0 ("mesoplastidty” of A, Renaud) facilitated by lubri¬ 
cation of "foam-cell” films2^1 of saline solution or by intergranular and 
intcriamellar water — ice behat'es therefore as a two-phase system as far as 
stresses are ooncemed and obeys both thermodynamic and hydrodynamic 
laws 292 . grou^th of one grain at the expense of another 29 ^ j and pressure mclti ng 
and granular regelation.2** Deeley's mechanical theory2*^ ascribed it to 
viscous shear between adjacent grains and along laminae and to plastic shear 
of the granules into separate pieces by interchange of molecules from grain 
to grdn. The seeming plasticity doubtless springs from these various factors 
and is conditioned by the grain and the intergranular and inter lamellar 
8—Q.E- I 
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movementSt facilitated by mclt-watcr and rcgelation. Fctlhvarnie.xh^tlsiht 
rase of tempemture due solely to the glacier’s passage from higher and 
ihcrcfore colder altitudes to lower and warmer altitudesp may be a cause of 
melting and of flovv,2S6 

Fundamentallyp the quash viscous flow of ice is due to local re-arrange¬ 
ments of atoms on the cr^'stal lattice activated by their thermal energy and 
leading either to deformation of individual crystals or to the transfer of atoms 
across crystal boundaries. It is merely one practical instance on a gigantic 
scale of plastic deformation in a polycry'Stalline material subjected to sustained 

Experiment^® has frequently demonstrated that plasticity rises with 
temperature and that ice at melting point is plastic without fracture: Andre 
curve for the rebtive hardness of ice at different temperatures shows this very 
clearly. 23 S Sbee the upper layers^ as in Greenland and Antarctica^ are much 
below freezing point ($ee p+ 105)^ they constitute a carapace of brittle, 
creva$acd and more or less rigid ice. ^Fheir motion h induced by the low^er 
uncrevassed layers^ in the zone of flow where plasticity and therefore 
Auidity are augmented by the higher temperatures and the vertical pressure 
of the supermeumbent mass. The lower layers have the highest relative 
velocity " but the least ""absolute velocity the surface velocity being the sum 
of the velocities of all the layers beneath. Yet E. v. Drjgalski and others 
assert that the absolute velocity is highest in the lowest layersbecause of 
the higher plasticity, pressure and temperature—the rate of flow may increase 
as the square of the depth.^®^ 

The actual base may move veiy^ slowly since experiments show that debris 
greatly raises t^e coefficient of internal friction. 29 -^ The effect of lempera- 
ture on plasticity^ is also seen in the more rapid flow of the northern glaciers 
of South Victoria Land2^^ compared with those farther south, in the quicker 
flow of the arctic gbciers in summer and the rcbtively sluggish flow in 
Himalayai’i glaciers which have low' temperatures and greater rigidity.^ 

Ihe deptli at which in temperate glaciers crevassing stops and plastic flow^ 
conuneneea has been found by seismic methods at Crillon Late, Alaska, to be 
30 The minimum load necessary to produce continuous creep or 

extrusion flow may be of the order of 45'm of ice in depth as estimated by 
Oemorest or even less,^^ depending probably, among other factors, on grain 
size. 

Translation. The physical properties of ice depend upon the orientation 
of its grainsas J. Brcwsler^^ first dcmorLStraled. Pressure applied per¬ 
pendicularly to plates or laminae (which arc parallel wnth the basal plane 
(oooi) and lattice slippage) induces elastic ben ding with undulatoiy 
extinction, but when applied parallel with the laminae gives rise to gliding 
or translation with no optical change or distortion of the lattice. This is 
due to the readiness with which the sheets of hexagons (see p. log), although 
puckered, glide over one another. Since grains in glaciers are promiscuously 
orientated, some bminac are bent and exhibit undulose extinction and others 
are translated without distortion ,^2 

ITie crushing strength, normal to the principal axis, is only one-third of 
iMt when pressure is applied along the axU.^^ Thug translation, which is 
known for many other substances, such as iron, copper, gold and silver and 
causes ductility in metals, has been experimentally proved on glacier-ice 
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after a certain minimum pressure has been exerted,'Fhe differential flow 
of gbcier-ice is to some extent analogous to the influence of rolling on a multi- 
crystalline sheet of a metal of hexagonal symmetry such as magnesium, 
Slip within the grains may also possibly take pbee along planer other than the 
basal planeincluding internal fracture surfaces.^^ 

This translation has been recognised as the cause of ice-flow,^* It has 
been thought to take place at a depth of 17 m (O. Miigge) where there is the 
requisite minimum pressure or in the zone of shear in the basal parts or lower 
ends where granular interlocking is complete. 30 ^ Yet experimentscom.“ 
pelling bun dies of ice-crystais, commonly orientated, to move either along 
glide planes or benveen crystals, shmv that lamellar gliding is not important 
and that ice is deformed by adjustment along the contact surfaces of adjacent 
planes. 

Regelation. M. Faraday demonstrated that two pieces of ice in contact 
at o*C fro^e together without increase of pre$sure. This regelation", as 
Tyndall and Huxley named it,^l2 [g jj^ ^ glacier's economy; by its mean$ 
snow^ passes into nivi^ crevasses healj contiguous glaciers unite, and ice- 
avalanches fuse into reconstructed glaciers, WTiile the path along which the 
wire Ln wcll-knowm experiment cuts the grains is traceable by a 

band of included bubbles,^^^ the ice loses none of its strength and its optical 
orientation is undisturbed, so that in reforming above the wire it is con¬ 
trolled by the orientation of the bordering crystals* 

Although regclation, which is facilitated when cry stab are similarly 
orientated has been regarded as the cause of ice-motion, there is a con¬ 
census of opinion that it is only a concomitant or secondary' factor arising 
from flowN 

While pressure is not essential for regclation^ as affirmed by Faraday ^^5 
and lyndallp^i^ proved experimentally by Emden^i'? and explained by 
L. Pfaundler,^^^ regelation t^es place more readily if pressure is varied 
N^ L. S. Carnot demonstrated that pressure lowers the freezing point of 
w^atcr and C+ Hutton concluded from experiments that, by checking 
expansi on, i t p revented freezing, whatever the degree of cold. J. Thomson 
showed as a deduction from the mechanical theory^ of heat that by partially 
liquefying the ice it aided regclation. This was proved simultaneously and 
theoretically from the second principle of the mechanical theory of heat by 
R. Clausius and later by A. Mousson^^^ and W. Thomson who ascribed 
the change of form to incessant liquefaction of ice at places of intense pressure 
and the prompt refreezing of the waters tJuis set free Ln other and lower parts 
when the pressure w'as reli eved, a view- supported by v* Helmholtz. This 

liquefaction of ice by pressure, witnessed on modem glaciers,is made 
possible by the very open structure of ice (w'hich incidentally also accounts 
for the abnormal expansion, instead of contraction ^ of water on freezing). 

J. Thomson from theoretical considerations predicted that as ice con¬ 
tracts in volume on fusings its freezing point w^ould be lowered 0-0075*0 for 
every atmosphere (bter figures^^ range fmm 0 00722 to 0*00753)^ This 

Thomson effect"^ was afterwards verifiedon the Arolla Glacier and 
Hintereisfemer; at the bottom of the Greenland ice-sheet the melt tempera¬ 
ture has been calculated to be — 1 Yet the melting point does not 

vary uniformly with pressure. This was proved by Mousson^^i^ and after¬ 
wards more fuUy by G. Tammann ^^^ showed the connexion between the 
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pressure necessary for melting ice down to a temperature of — 2Z®C^ below 
which pressure cannot liquefy ice {$cc p. 44). He found the lowering 
between 0°C and —2'5'"C was 0-0076^ between —2-5^0 and “5"0*C was 
0-0093. I'bese figures ^ however^ only hold if the melt-waters cannot escape [ 
for when they do the lowering is D-ooSS between and —2-2®C. Non- 
uniform pressures, such as prevail in glaciers,low'er the melting point at 
a much higher ralCp even ten times a$ great and up to o-o^'^C.^^ Experi- 
ments^^^ prove that as the temperature falls the pressure required to produce 
melting rises rapidly until it exceeds the crushing strength. *rhJs pressure- 
liquefaction theory of ice-floiv, especially in the basal Layers, has often been 
advocated 

Experiments demonstrate that welding occurs at temperatures sufficiently 
low to preclude the possibility of uniform pressure melting and regelation. 
Pieces of ice in north Greenland freeze together at “I5^C to — 

J. Valbt obsen ed coarse-grained nevi in 1897 in tunnels near the summit of 
Mont Blanc where the annual temperature was —' i6-5“C and the pressure 
only one atmosphere. 

That rcgelation is not a necessary condition of flow has been show^n for 
Spitsbergen where the ground under the glaciers is frozen to a (X^nsiderable 
depth arid the temperature is alivays below (ch p. 108). 

thought the plasticity was "dry” as the cocHicjent of Internal friction is 
practically the same whether the temperature is at or below melting point. 
That there can be translation without regelation is shown by the occurrence 
of translation In substances which lack this properQf.^^ Wright and 
Priestley,^^ in their thermo-dynamic theory' of plasticity' and ice-motion, 
think pressure dcKS not c^usc melting but increases the number of molecules 
wluch tend to diffuse to parts less favoured. Crystal boundaries are the seats 
of molecules of enetg^'-content above the average and include mobile mole¬ 
cules about to escape from one cry stal into an adjacent one. If the surface- 
energy' of the crystal differs for different faces, the number of mobile mole¬ 
cules able to pass the boundary' will depend on the crystal's orientation with 
respect to adjacent cry^stals. Big crystals have smaller mean energy per 
molecu! e so that they grow at the expense of small ones. Rise of temperature 
makes the mobile molecules more numerous and leads to increased growth.. 
E. K. Pyler,^^ however, sought to show experimentally that it is unnecessary 
to assume two kinds of icc-moieculcs. 

Granular theory* 1 he granular theory, consistently advocated by 
Chamberlin, ^ bad for a time the support of the majority of modem 
glacialists^^s ^yho tended to abandon the viscous theory^ largely under the 
influence of his work. The theory supposes that glacier-grains are the 
rnechanical units of motion and, like a mass of shot, slide over one another 
along the surfaces of least cohesion without actual fracture, as envisaged, for 
example, in G. Qulnckc^s "foam-cell ” hypothesis (see p. 113). Ice is a rigid 
if weak crystalline rock of the purest and simplest kind. Displacement is 
permitted by the momentary liquefaction (actual melting may not take place, 
rnerely slow- idiomolecular transfer) of minute parts of the granules at points 
of contact and compression, and by transferring the water to adjacent parts 
not m contact where n solidifies. The ice as a whole remains rigid but 
behaves under deforming stresses according to the same mechanical principles 
as other rocks and movc$ by recrystallisation, gmnubtion, constant readjust- 
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ment of granulated particles^ gliding in the grains themselves and shearing. 
In the process, the grains lose or gain in &i®e and alter their relative 
positions. By the siimmatioit of their slight adjustnientSp the mass flows 
along lines of least resistance. The impurit)^ and salinity of the inter-granular 
film, which pressure alternately thins and thickens, may pby an important 
role by lowering the melting point. ^ 

Whether this movement is a vera ^ausa depends obviously upon the degree 
of interlocking and the molecular cohesion at the intergranular surfaces. In 
the neve, the gniirts are able to rotate and roll over each other either as 
individuals or in clusters to supply the chief cause of flow. 'I'he irregular 
interlocking in the tongue renders such flow* here less easy. Intergranular 
movement maVp indeed^ be prevented since the intergranular film is not 
thick enough to permit the degree of artictilacion required for continuous 
flo>v. Moreover, the coefficient of internal friction of the ice is that of the 
individual grain and the plasticity lies within the grain.^® Ne%'erthelcsSp 
intergranular movement dcjc$ seemingly take place, where interlocking is not 
intimate. It is facilitated in the snout by abundant lubricating ^vater and in 
the deepest layers by pressure which by transferring material weakens the 
granular attachment and permits some slipping and rotation of the grains: 
striations on granules have been attributed to viscous shear. 

The motion of each individual grain requisite to give the know n flow is very 
slight, ill a glacier 6 miles (r. 9 -5 km) long with a daily flow of 3 ft {r. 90 cm) 
a grain would have to move the length of its owm diameter with reference to 
its neighbour once only in 30 years.^^ 

Glide planes. It has frequently been averred,^^^ especially by Phjlipp^^^:^ 
that motion is by continuous and intermittent slips along multitudinous glide 
planes, 0-5-2 m apart, arnuigcd trough-shaped, particularly near the base 
and margin, i-e. beuveen the more slowly and more rapidly moving ice where 
the elastic limil has been passed.^-^ Like any other rockp a glacier is rigid 
up to a certain point beyond which it yields under stress. Such shearing has 
been show^n to exist and is compatible with pollen analyses of adjacent 
layers of ice in Alpine glaciers.^^^ Glide planes themselves have often been 
observede.g. in the Alps (here they are in fact rarely seen because the 
glaciers arc thin and strongly creva^ed and have abundant debris^^^), 
Karakorams and Pamirs, Scandinavia and arctic regions (calculations show 
that gliding forms not a little fraction of the total flow in Greenland), in South 
America, and in the Antarctic, The diflerential movement has been 
measured on the Victoria Glacier, Canadian Rockies 
The planes, which often tend to coincide with the banding in glaciers and 
with one of the slip-plane^t^^^ are often clearly discernible. The upper 
layers project above definite planes^ as in tlic ends of Greenland glaciers or 
the sides of ablation valleys in the Karakoram Mountains^ where they 
mark merely the trace of the plane of one glacier resting on another. Ground- 
moraine is extruded along them^^ though this^ which may facilitate ice- 
avalajiching,^2 has been ascribed to a difference of ablation as betiveen clear 
and silt-laden layers. The planes sweep across the surface of glaciers parallel 
vvith the margin. They arc accompanied by faulting and drag phenomena 
and by structures resembling ordinary fault breccia' by twisting and distor¬ 
tion, readily recognisable if the ice-layers are associated with bands of debris; 
by Smoothed surfaces resembling slickenside; by fluting on the interpolated 
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kminae of debris; hy flat bouldcrSp faced parallel Avitit the planes of dire 
layers; by long drawn out bubbles of air in the ice; and by major planes of 
slipping which are veritable thrusts of considerable displacement—the 
Karakorams, these are apparently not uncommon along the planes of contact 
of glacier components.^^ Striated pavements and cnglacial scratching of 
pebbles may have been done in this way* 

Gbde planes arc also found in neves, particularly on steep ificline$*^^ 
Glacier movement^ e.g. in a cirque basin, belotv an ice-fall or at the snout, 
may take place in part by rotational slipping along glide planes^** which in 
some cases pass from stratiheation planes. Basal sbp, more or less folloAving 
the rock-bed, may in the case of small glaciers cause the whole glacier to 
rotate like an unstable clay slope, tlie bergsehrund being a vertical tension 
crack. The weight of the thicker mass above the limline (sec p. 27) and the 
melting at the lower end cause the fim to flow out and beneath, so that the 
maximum flow is in depth and in winter.^^^ Experiments show that creep 
occurs at temperatures down to —zo^C even under Ioav loads, so that shallow^ 
glaciers like the Claiidenfim and much more so ice-shceta Avould sag under 
their otvn Tiveight^ so that extrusive flotv would occur.^^ Nevertheless, it is 
quite unwarianted to assume with Philipp 3*9 that stratlflcation is due to 
glidings especially since no slip has been detected beUvecn layers in a neve’s 
upper part.^'^'3 

Movement along gUde planes is facilitatedby circulating waters and 
saline matter, and betvi'een different layers by dirt which depresses the fncltlng 
point and prevents the interlocking of grains. ^ITiesc apparently do not cross 
the planes 3 ^:^ unless perhaps in the older banding. 

It has been regarded as axiomatic since the early labours of Agassiz 3^3 and 
Forbes37*3 ^bat ice-motion is continuous apart from any irregularities that may 
attend the opening and closing of crev'asses. Observations on glaciers, the 
appearance of the painted stones below the great ice-fall on the Rhone Glacier 
in grpt cun'cs just as might have been predicted,373 and the nature of 
striations all these seem confirmative. Yet it has been believed with de 
Saussure that the motion was jerkwise, 37 iS 'phis has been suggested by 
Greenland obserA^at ions 377 hy careful measurements on a number of 

glaciers/ though other obser^^ations and P, L. Mercanton^s eryodn^^tre 
^ piece of apparatus devised to magnUy movements) seem to disprove it .379 
■urther accurate, preferably continuous and self-recording observations are 
necessary to solve the problem. 

On the Hin^eisfemer and certain other glaciers,the flow consisted of 
jer s or pulsations \vlth increased velocirv' and intermediate pauses of small 
velwiucs d^ue to " pr^ure uaves”—not to be confused with the Schvtellitngs- 
nriim produwd by changes m velocity consequent upon increased loading of 
the tim which have a velocity 30-150 times tliat of the ice (see p. 15 5 V These 
jumps seem to show that ice yields to stress and that this cannot ereativ 
accumulate without causing displacement. Stress develops locally until it 

ra^ryi^lding planes or by short, 

The abnormally high rates of movement of tlic sides of the Rakhiot Glacier 
on Nanga Parbat m jMtedalsbrae in Norway, in Karajak and other glaciers 
ot Greenland, and in Tindbrac and Kings Fjord Glacier, Spitsbergen, have 
shown i\at on some fast-flowing glaciers the ice flows between tivo narrow 
detormation zones, a few tens of metres wide, by a block movement,^ai quite 
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different from the normal continuous flow in alow-moving glaciers—examples 
were found in the Alps in earlier times, e.g. in the Vemagtfemer which in 
1S45 had a speed of 11 m a day. The consequent deformations bring the 
ice up to the critical point of stress-strain established by E, Orowan^^^ 
iheoretrcally and experimentally. The ice is broken up into Schottm of 
v^ious sizes which move as units like solid bodies influenced by irregulari¬ 
ties of the bed. Extremely broken surfaces and numerous gaping crevasses, 
ice-pinnacles and s^racs are the outtvard signs of this lilock-Sdt&tlen type. 
One part of a glacier may move by Bhck-Sdfolfefi flow, while other parts have 
a pure stream flow. 

That glaciers move along glide planes is denied.These it is said are 
local and rare and restricted to the extremities where the ice is frozen to the 
ground in vvinter, and do not occur near the base where the pressure is high 
and the ground unfroscen* Moreover, cohesion^ as laboratorj' experiinents 
show (their applicabilitj' is controverted^), is no less along these planes than 
in other directions. Nevertheless, such fracture or differential shear does 
undoubtedly exist,especially in the more rigid arctic glaciers and in the 
brittle outer crust and where the normal flow is impeded. It is apt to occur 
along the cur\^cd sole w'here englacial debris reduces plasticity and where the 
ratcof flow\ both horizontally and vertically, changes most quickly (see p. 102), 
and where the active ice behind presses against the thin and rigid or inert 
snout and cither overrides or pushes it fonvard bodily. Whether it is a prime 
cause and works within the main body is less sure: here the flow^ is seemingly 
plastic^®® (pL VIb, facing p. 113)^ 

In fine, ice moves by a combination of processes, partly by sliding upon its 
bed and principally by plasticity arising from intergranular and intermo- 
lecular movement and by movement between clusters of crystals, and by 
intermittent shear along glide planes, all facilitated by regelation. Each kind 
of movement probably exists in different parts of one and the same glacier 
and \^ries Vi itli temperature, pressure, str^s and other conditions. 

Finsterwalder's theory. FinsteTwalder% mathematical or geometrical 
theory^®® made a great advance m our knowledge of the gbeier. It is free 
from the questionable or arbitrary assumptions conceming the physical 
properties of glacier-ice which his precursors'^ along these lines had made, 
though it does not take inner ablation into acount. In endeavouring to apply 
a geometrical treatment to the question of icc-flo\v he started with an ideal 
glaciLTt i.e, one in which velocity is constant, continuous and independent of 
time and all the contour lines on the entire glacier remain in the same position^ 
Streaming continues uncLanged in directfon and strength, neighbouring 
particles remain in steady contact, free from eddying, and there is no sudden 
jump betw een contiguous layetB+ Each particle from the neve^ after pursuing 
a definite course in the interior, emerges at a definite point on the tongue. 
Finstcrwalder Joined all such points of entrance and descent in the n^v^ with 
corresponding points of emergence in the tongue by lines of flow—others had 
already begun their studylines beginning at the fim’s edge run along 
the base to emerge at the margin and others starting out of the fim pass 
through the glacier to appear at corresponding points on the tongue. Flow- 
lines, therefore, emerge all over the tongue, including its sides and snout. 
Streamlines or the paths of particles pass downwards in the nevd (also in the 
''regeneration region*' of glaciers without —the deepest fim crev-asses 
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are from debriSi pas$ iip\^'ards in the tongue at an angle depending 
upon the ratea of ablation and of flow — earlier ob&ervers had already noted the 
vertical component.The paths of bodies on the glacier surface (iJeiee- 
gtingslim^), mapped with great accuracy' on the Hintereisfemcr and Rhone 
glacier but as yet unexplored on the ice-sheets, do not coLnetde with such 
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pollen analysis (see p. 50). Thus the trajectories in the Rhone ice^fall are 
not crossed: the chaos is only at the surface .^96 

FinstenvaldcT^s theory explains satisfactorily many wclI-kno^^Ti facts: the 
carrying doun into the ice of detritus which falls on the fim and the remaining 
upon the surface of the debris below the reservoir; the passage along a glacier^s 
bed of materia] which falls upon the margin of the fim ; the spreading of 
moraines near the snout; the movements of the ice and the influence of 
abrasion; the upturned layers at the snout; the formation of dirt-bands; the 
spoon-shape of banding; and the waves in an advancing glacier. It is 
however descriptive and not a quantitative theory' like those later formu¬ 
lated on a hydrodynamic basis, though these are irreconcilable with the 
fact that the viscosit)' is not constant but decreases as a high power of tlie 
applied shear stress.Somigliana^a theory (see page 38) applies only in 
stationary' glaciers with r^ilar bed^ constant surface gradient and con¬ 
stant velocity^ and if the velocity at the margin is nib 

Flow in Pleistocene ice-sheetSp As observed already^ each theoiy' of 
glacier-flow has a grain of truth! it is valid in part and in certain circumstances. 
The only common feature is the motive powder of gravity w'hich T- Vidal in in 
1695 first invoked for tcc-flow. 

The figures of flow of the present diminutive Alpine glaciers are inapplic¬ 
able to the vast masses of the Pleistocene, Nor may those of other regions 
be used tvithout modification; Iceland because of its vulcarucity, Alaska 
because of its climatic conditions^ Greenland because of its peripheral ring 
of moimtains and glaciers squeezed at great pressure through gaps^ and the 
Antarctic on account of its star\ation by extreme cold. The losver latitude 
and higher temperature in ground and ice* the higher levels of the valley- 
floors before the ice low'ered them^ and the much deeper ice (see p. 40) and 
concomitant higher plasticity make it highly probable that the Pleistocene 
ice-sheets flow'cd more rapidly.^^ J. VaJlot,"*^ from formulae linking 
velocity' w ith thicknesSt computed the daily velocity' of the Pleistocene Rhone 
Glacier (looo m thick) at 4-5 m and that of the Mcr de Glace (500 m tluck) 
at 2 ^9 m. O. Ampferer's estimate for the Pleistocene Inn Glacier was 3 
though A. Penckthought the Swiss glaciers generally had velocities com¬ 
parable with present-day Greenland (see p* 104); he instanced the annual 
velocity of the Rhone Glacier at 600 m, of the Isar at 160-320 m, and of the 
Rienz at 100 m. Similar calculations "^3 have been made for the Pleistocene 
Rhine and Rhone glaciers and for the -Muksu Glacier, north-w'cst Pamirs. 
J. D. Dana,^^ however, imagined the ice-sheet moved daily or weekly 
r. 30-5 cm and W* Upham'^®^ that its base had a maximum annual velocity 
of 15-30 m. 

'Phe flow' was, of course, neither constant nor uniform. It was probably 
quicker over western Norway than over the Baltic or the plains of Russia and 
Siberia and was faster on the southern margins, especially in summer, 
Kxigcncies, such as inclination and inequalities of the ground and varying 
depth, led to differences and to a more rapid flow along the valley’s and 
depressions—erratics and drifts were carried tarther in the basins than on the 
ridgc3.-*t>^ It varied too with the nearness of free ice-discharge. Thus the 
sea affected the flow and reach of the icc-sheets. If the ice deployed in the 
sea, it w^as floated off or melted and had a more rapid flow imparted to it since 
the more slowdv moving lower part was removed to allow the quicker ice to 
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flow at its own rate^^*''^ In mocK the same way as the speed of the Alpine glacier 
above ^ icc-fall is increased after the ice has broken away. In the interiors 
of the ice-sheets, with their very low surface-gradients and basined floors due 
to isostasy, the flow was extraordinarily slow: the velocity across any section 
was approximately proportional to the radius of the section, 

The problem of the flow of the Pleistocene icc-shects bristles with such 
difficulties that sorne geologistshave even denied the very existence of 
these sheets in Europe and North America. Experiments on the modulus of 
cohesion led R. D, Oldham'*'® to believe that icc could not move eii masse 
over a plain to any great distance because its lower layers would stagnate. 
It has recently been suggested that the lee w as passive: the apparent southerly- 
flow over most of north-west Europe was due to a northerly movement of the 
continent under the ice. 


All hypothi^s agree, as noticed already, in bcIIe^Ting that the weight of the 
icc is the prime cause of motion in modem glaciers. In steeper valley 
glaciers and the outlet glaciers of Greenland movement is by gravity fltjvv. 
The efficiency' of gravity in the sliding hypothesis is due mainly to the state 
of the glacier's sole, in other hypotheses to conditions within the glacier itaclf. 
In the case of the Pleist^nc mer-de-glace, the slope of the ground exercised 
save during the early and late phases and often in ■valleys nciiT 
Jie ice-cdge, as m the “basins of exudation” in Greenland to-dav or the 
. Channel and Hudson Strait of the Pleistocenc.^^^ Any slight 

initial elevation was counterbalanced bv the resistance offered by the varied 
and^complex relief over which the icc moved. In these eases, movement may 
be by crtrusion flow^is cither obstnicted or free, as it is in expanded-foot 
an piedmont glaciers. Obtruded extnision flow occurs w'hcrc there is a 
physical obstacle or a thinning of the icc, e.g, towards the margin and in the 
dissipation region and gravity flow which is a drainage-controlled flow as in 
a river, e.g. in valley glaciers or outlet glaciers of an ice-sheet. The greatest 
surface Vfloci^' is towards the margin and since this requires a steeper surface 
slopCj the profile becomes more iind more convex. 

The theory' of extrusion flow wp arrived at by M, Demorcst from observ a¬ 
tions on glaciated terrain inNo^ America and from observations on the ice 

S'^'ff-Uecker from calculations of the combined 
effects of ablation, settling and flow on the one hand and the annual accumu¬ 
lation on the other on the Ciandenfim of the Alps which gave a speed of 
transport of snows greater than the measured flow at the surface. Neverthe- 
less thwry has been cnticised^i^ because, first, the strength of the ice 

^ greater than that of the ice at 

the since its smaller crystals give added strength to the mass- and 

k IB not greater than the surface flow is dls- 

S'd Th? Malaspina Glacier 

s« p 37). I he maximum flow, it is said, is not at the base but at the 
level of the outlets from the interior basin. 

Highland centres in Pleistocene times were not always effective dv'namic 
centra of propulsion as Close’*w'as one of the first to realise. The ice 
flowed over vast plains, as in west Canada and north Germany and Russia, 
against the slope of the ground, under conditions which may Iiale no moder^ 

50Q (c. 150 m), at the Labmdor centre 500 1500 ft (r. 150 ico m\ 415 The 

instances, purely local and uncommon, of uphill flow ov4r /ikg ground;«s 
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due to the loTi^tudinal forcep are not helpful because the rise is small and the 
elevation and thrust from behind is great. Even the lill'a lubricating action 
sometimes invoked is of secondary import. 

The operandi may be plasticity resulting from one or all of the 

causes previously set out (see p. 113)+ But what impels the mass fonvard ? 
This question has been answered in t^vo ways; the first supposes that gravity 
w^as the essential force and ttiat the northern lands which acted as ice-centres 
were Jugher though subsequently they were lowered by subsidence or icc- 
erosion"^^®' the second postulates that the lee was extremely thick and flowed 
by its own weightp that is hydrostatically or by extrusion. 

A great increment in height at the ice-centres as the cause of glaciation 
and ice-flow w^as postulated for the AlpSp'^^^ north Europep^^*^ British IsIeSj'*^^ 
North America(North America and north Europe were glacierised from 
an Atlantean Continentp 17,000 ft or 51S0 m high^^^), Siberiap^-“* New 
Zealand^^ and east /Vfricap^^® and aa part cause for the greater Antarctic 
glaciation.'*^'^ From the time w^hen Lyell and Dana began to give it their 
consistent support up to 1S75 this postulate had a majority of adherents. 
The amount was rarely stated but ranged up to 5000 m for Seandlnaviap 
1500 tn for tltc jVlps,^^^ and 5000-7000 ft (1535-2.135 m) for North 
America^^^: the uplift was suiheientT it has been said,^^ to divert the north 
German rivers into Bohemia and Moravia and enable the melt-iivaters to 
excavate the canyons of Sachsische Sehvveiz* 

It was maintained that the uplift ensured the necessary low temperature 
and snowfall ; reduced the thickneas of ice other^vise necessary; and avoided 
a flow against the slope of the land.'*^^ Yet the arguments against tlie 
Upheaval as a general cause of icc^flow and of glaciation are aver^vhelming: 
we shall consider them in later chapters (see chsn XEIV, LI), All we need say 
at this place is that the lands^, isostatically depressed, were almost certainly 
lower than now; and that the required inclination could not have been given 
by any probable elevation. 

The second method of imparting the tremendous impelling power or a 
frrgo^ the importance of which was early recognised,presumes that flow 
depends less on land-levels than on the depth and pressure of vast snow^ ac¬ 
cumulations piled up in the interior^^; these cause compressive stress and 
lead to out^vard movement over horizontal or even reversed surfaces. The 
Hintereisfemer'*^^ shows that gradient is subordinate to cross-section and 
thicknm in influencing the flow^ Large glaciers move more rapidly than 
rebtively steep tributary glaciers with less depth and cross-section.^^* Ice, 
if thick enoughmay flow uphill; for the determinant is tlie gradient of 
the ice-surface in relation to the reversed bottom alopCp the ""spedlic 
angle” as it has been termed.^^^ In ice-sheets, there is a downward move¬ 
ment in the central area that passes into a horizontal and outw^ard movement 
in the peripheral zone. 

But some glacial ists"^^® consider that even thicknesses of several thousands 
of feot, unless the basal layers be very plastic, cannot give the required pro¬ 
pulsion. For esamplCp the North American ice-shecL as stated by W. IL 
llobbs^ may be represented in cross-section by a line 6 in. (15 '2 cm) long and 
0 01 in. (0 25+ mm) thick^^^ and the gradient of the ice-surface from Scandi¬ 
navia to the German Mittdgebirge may have been only 0“ 3"^ (fig. 35), 
Yet flow' takes place in Greenland with slopes of only o^ 

To overcome this difRculty, which is but enhanced by basining or the 
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effects of isosui^' which depressed the crust in the centre (the floor of the 
Baltic have been depres^ 500-800 m, cf. fig. 35) and (possibly) raised 
a marginal bulge (see ch. XLVI), as well as the natural reluctance to conceive 
an ice-sheet so thick that it could control the flow from its centre, it haa been 
suggested that the ice did not move outwards throughout its ma-yt but was 
immobile in the centre and between the hills. Flow was restricted to the 
margin, **2 estimated at 30-40 or loo-lzo miles (c, 48-64 or 160-192 km), 
Md, as the pronounced marpnal gradients indicate (see p, 42), was induced 
by the snmv which fell ujron it +*3 or the “centrifugal broom" swept to it.+” 
After ite early stages, the ice-slicct grew and spread from the marginal snows 
rather from the outflow from central ice-fields .+*3 The intramarginal belt, 
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ScMdi™™ ic^abeet .t EUttt rnaiimun, W the Aland 
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especijdly that on the windward side, and not the geographical centre con- 
troUed the movement. By thickening, the ice-sheet caused not only an out¬ 
ward flow but an inward flow until the surface became nearly horizontal 
throughout Its entire extent.-^* Several facts are urged in its favour. The 
snowfall on mi^em icc-shects has an analogous distribution (see p. 665)- the 

™r aY --thoit crevasses (see 

p. 47} . and boulder-clay is mainly local (see p. 379). Nevertheless, this v^ew 

S.L as applied to plastic solids, and with 

f converge upon the "dimples” and come from far 

tW tb.. S-!. Tc ■ "‘‘e® as far as about the South Pole prove 

that the ice IS moving on the Antarctic plateau. Seemingly contradictori' 

r^l™ *=rratics,^7 including lliose which Lie moved loS 

S^o^r£;«?Sr ^ Mi-mesota and Lake 

a other North American instances«'') or from 

the Adirondacks mto the oldest drifts ^50 Pennsylvania and Kentuckv In 
Europe, r<^s from Elvdalen in Sweden, from Umptek in the Kola Peninsula 

Thl n"S l^l^nds have been Lrried alLoM 

This obje^on, t^icb implies that the precipitation was no hea™ at^the 

margins than at the centre 452 is not insuperaWe since purely matUnal flow 
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outward peripheral movenienT, though its surface may be maintained at 
roughly the same elevatloii by the heavy' accumulatfon. 

'Hie hypothesis'^^* that the ice east of the Scandinavian ice-divide was a 
braeplatte, passive and thin^ pushed fonvard by new^ ice on the parting where 
precipitation heavy^ has little to commend it. 

Flow in the Pleistocene ice^sheets was facilitated by subgbcial waters 
(cf. p. Ill) and made possible by the growlh of very' deep ice at the centres 
which raised the temperature and plasticity of the basal layers. The tem¬ 
perature throughout much of the mass was not far removed from fusion 
point. The molecules were highly energised by heat so that their cohesive 
force was almost neutralised and the flow' continued indefinitely without 
arrest. 
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Chapter VI 

METEOROLOGICAL AND GLACIER OSCILLATIONS 


1 . Mcfeoroiogical PeHodicifies 


Bruckner and other cycles. Variations of the various meteorological 
eleiHcnts^ other than those of the day and season» have been held to exist 
since the days of Sir Francis Bacon^ F- W. Ehrenheim^ in 1824 gave 

the first analysis of historical reports bearing upon the subject and about fifty 
years later (1873) W. Kdppen^ correlated temperatures with sunspot cycles 
(in 1S44 Gautier had sought such a correlation for the temperatures of 
Geneva). Search for periodicities in modem meteorological records has 
enjojxd quite a boom during the present century among meteorDlogist$+ 
climatologislSp geographers and others, and something like 150 cycles have 
now been found. J. Hann"^ has summarised, with hteraturep the methods 
and values of calculations and N, Shaw^ has listed the amplitudes and lengths 
of the empirical ^'cycles*' derived from an examination of long series o-f 
observations by inspection or arithmetricaJ manipulation. Unfortunately, 
even the oldest meteorological records cover only about 250 years (Paris 
1664P Breslau (Wroclaw) 1(^2, Berlin 1700^ Uppsala ijzz^ Lund 1713^ 
Padua 17^5, Leningrad 1725 and Ncav Haven 1780), 

Bruckner*^ investigated some of these variations for Europe and for certain 
extm-Eu ropean localities. He thought they conformed to acycle, since knowii 
as Bruckner's cycled of approximately 35-5 years (or 34-83bO'7)» the henii- 
cycle varying between zo and 5-5 years. His data concerned air pressure, 
temperature and precipitation; the frequency of severe winters; the levels of 
lakes and seas, e.g. Baltic, Caspian and Black Sea, and tlie English Channel at 
Brest, Cherbourg and Le Havre; the disappearance and reappearance of lakes; 
the break tap of ice on rivers, as in Russia; vine harvests and wheat prices in 
west Europe and the pscillations of climate and inunigjation Into the United 
States. He found the following wet and dry periods: 


Wei Paiodt 
1691-1715 {c. 1705) 
173*^1755 fr, 174a) 

iT7i"i7Bo{f. 1775) 
(f, 1813) 

1^41-1855 (f, 1850) 
tS 7 i-* 8 S 5 (r. 18S0) 


Dry Periods 
1716-T735 (f. 
*756-1770 r 76 o> 

r^Si-iKJs (f, 1790) 
[S26-tS4o (c, i 33 ,o> 
i8s6-iS^Q (c, 186a) 


Since Bruckner s paper of i8qo focused attention upon the question, his 
cycle has b«n widely recognmd in meteorological and related matters in all 
quarters of the earth. In illustration we may mention epidemics^ and 
Russian famines’; tempcmturcsio at Oxford and in central Siberia; pressures 
in all qua^era of the globe*lAind velocities'^ at Greenwich and in Austria; 
precipitation, e.g. on the northem margin of the Alps, in Austria and 
Hunpry, m Jugosbvia, over Europe and in the United States; levels of 
l^es*^ in Greece, Amenia, Caucasus. Scandinavia, the Baltic, Stamberger 
See, \ ictona and Albert Nyanza, I^ke Nyassa and the Great Salt Lake of 
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Utah; strong floodsi^ in the south^’West Baltic, Nile and Moldau; mud- 
in Swit^rland; dune-formatiofi^^ dong the sooth Baltic coast j vine 
harvests and cropsin Sussex and Ohio; tree ringsin Switzerland and 
western U.B+A.; freezing over and breakup of the icc^on the upper Danube, 
on Finnish rivers and on certain Alpine lakes; and drift-ice^l near Iceland 
(due to the vary ing strength of the North Atkatic pressure distribution and 
circulation)—in ice-poor years east winds weaken the East Greenland 
Current and press it and the ice against Greenland while in ice-rich years 
stronger north-east winds produce a greater intensity' and distribution of the 
stream and a greater transport of ice into more southerly latitudes. The 
Humboldt Current is deflected westwards at intervals of about 34 years^ and 
Weddell may have penetrated the Wedded Sea at a BrQckner'a maximum^ 
(though Weddell's voyage into this sea has been regarded as fictitious^). 

cycle is thought to have a solar origin^ and to have extended backwards 
into the postglacial dunes of the Pomeranian coastand into Pleistocene time 
in Co. Kerrj^ (see p. 144) or Jurassic time in Swabia.^ 

Similar c>xles have been thought to exist in the rainfalP^ of Lombardy^ the 
precipitation and temperature^^ of Brussels and Russia and the Etsch region; 
the levels^ of Lake G^nstance and of Lake Ngami in the Kalahari; the sea^^ 
along the north French littoral; the bottom muds 32 of the Sea of Aral and 
other lakt^; Alpine avalanches; and the limits of polar ice ^ w-hich coincide 
with the periodicity of the north Siberian river^ice-^^ Graphs of the approxi¬ 
mate changes in the Caspian Sea since 400 b.c. agree with those from the 
whole of west and central Asia. 3 « 

The range of temperature within a cycle which Brucknergave as i'’C is 
probably less: S. Newwmb^® found it to be only o-afi^C in the tropics and 
middle latitudes and C. Nordmann^^ obtained 0’33''C. W. Koppen"^ cal¬ 
culated its amplitude in the temperate zone to be 0'43°C and in the tropics 
0'59®C and thought it was scarcely perceptible in polar zones though 
F. Dilger**^ believed it became bigger with latituden 

The rainfall oscillation is much greater and increases with continentality^2- 
In Europe it is 14-30% of the mean annual fall* In continental Asia 36% and 
exceptionally ioo%.-*^ 

Bruckner's cyde has been denied,e^g- for the severe and mild winters of 
Berlin, for the temperatures of Sweden and the weather in w^est Europe, 
French Alp$ and Moscow', for the level of the Caspian Sea and for $ea-]eve] 
off the German coasts. It has been found inconclusive^^ for the climate of 
U.S.A., European rainfall or Finnish floods or is said to occur at other than 
Bruckner's dates,'^ a$ in the severe winters of European Russia. More 
generally^ the cycles are of unequal length; w^et and dry periods do not coin¬ 
cide with cold and warm perioda^^ and, contrary to Bruckner's opinion,'^ are 
neither universal nor contemporaneous over the earth-* 5 ^—dry periods in 
lower latitudes correspond to wetter periods in higher latitudes so and 
Europe and North America are also in opposite phaae^^ (see p. 138). More¬ 
over, the periods are probably not pure but consist of shorter ones of different 
lengths superimposed one upon the other.^^ 

Shorter fluctuations have indeed often been described .33 Such are, 
expressed in vears, the z -7 and 2-11 (with 4-7, 9-5 and 51 ^7) for British rain¬ 
fall^; 2 for temperacures at Oslo and Bergen =5 (with 4, S, 11 and Bruckner's 
cvclc): 2-2 for Greenwich temperatures 56 ; 2-75^ for the tropics and levels 
of Vanern and the Rhine (at Basle); and the rainfall of Australia, the 
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tropics and the North Atlantic' 3 for pressures in the East Indies5*; 3-2 for 
precipitation^**: 3"32^ for tree-growth in Ja’v^' c, 3■5®*' for pressure and 
atmospheric circulation; 3-8*^ for pressures in all parts of the globe; 4-5 for 
the atmospheric circulation and dry years in England,®^ for recurrent cold 
winters,fr* as in Sweden and England; for ice-conditions*5 in the south-w'cst 
Baltic and Kattegat, Iceland, the Greenland seas, and in most of the Arctic 
and north Asia, corresponding to the periodicitj' in atmospheric circulation 
A. Defant®^ described; and 5*25 for rarnfall, temperature and pressure in the 
North Atlantic region**^ 

1 he 5'5 or Heilmann relation'", which is presumably the ij-year cycle 
(sec below') wi^ two maxima usually unequal, has been detected^ in north 
Germany and in tree-growth in Europe and Ariicona; 6 years i month in the 
rainfall of the Eacihe coast of North America*®; y years in various terrestrial 
’fleather phenomena^**; 8 in Swiss pressures and temperatures, in crop yields 
and rainfall in U.S,A, and the deep-sea currents in Norwegian fjords'*^; 6—iS 
in the cold winters of Kussia^^; 10 in the ice-formation in Barents Sea^^; 
10-14 in the levels of Lalte Michiganand 11-13 the Great Lakes^5; 
8 and '6 in Aanem^*; 16 in tree tings of Tauem and Viennese tem- 
peratura ; 19 (due to the effect of the moon) in pressures in Australia and 
South Africa ; and in the five continuing, regular periodicities of the sun’s 
radiation 79 (8 months, 11, 25, 45 and 68 years). 

Trees, especially pines {Pinus ponderosa, P. edulii, P. moFiophylla), fir 
^s^aotsugd ihuglasit) and sequoias [Sequoia !caj/jfn^/£»fir<jHa) in central 
California, which grew between latitudes 36“ and 39“ n, on the outer slopes of 
t e lerra Nevada at 5000-7000 ft (1525-2135 m), have an immensely long 
life and annular rmgs dating back 3233 years. Since the width of the rings 
IS controlled*® by illumination, ground-water supply, and principally by 
temperature (as in the damp climate of west Europe) or precipitation (as in 
the dry areas of ,^2ona), or by the interaction of both, they afford a useful 
means of determining the climatic variations of the past. By this dendro- 
chronological method,*^ the biological counterpart of varve chronology, 
appbedto m^ore than 500 trees, and by proceeding from living trees to historic 
or prehistonc timbers, A. E. DouglassS2 found cycles of 5-6, 21-24, 

32-35 and 1^105 years. Tree-rings have also been examined in central 
European and m South-west Africa,fi4 They have, however, and, especially 
when small material is used, to be treated witli caution, 

:,nH ‘discovered for Japanese earthquakes®^ (plus 5-5 

and Bruckner s cjcle). continental climates,®* levels of L^e Tang^yik^T 
and \ ancri^® (wTth 3 5), Finnish coasts and lakes,®® upper DaLbe and 
other rivers** (with mulyjles, c,g, 22, 33, 44, 55, 66,75,133 -25 and 265), and, 
George® 1 (New South Wales); for tempcratureii,®! 
in^^-edenSj'^anii' ^iurope and the northern hemisphere; for fogs 

r?nl ^Tid pressure in India^; for gro^h 

climates,®* e,g, in 

California and West Africa; and for fluctuations in animal numbers®^ (see 

C. E. P. Brooks®® states that, generally speaking, the ii-vcar cvcle 

SSnTs?"^^^'^^ higher latitudes, the ii-^ear 

Smtoi^rd ^ “"‘d regularity polewards, the Bruckner cycle 

temperature curve is mt^tly 
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Harvest statistics and food prices since 167S gave a l^'^-year cyclcl®^ (sub¬ 
divided into 5*1^ 4-37 and 274) and precipitation in India, North America 
and Europe one of 1575.^^^ A i6-ye3r period has been discovered in the 
temperature of Vienna and other European stations and in the precipi¬ 
tation at Romc^^^; 18 (with 2, j, 4, 57 and 11-3) in the sea-level at Brest 
19 in Australian rainfalland ^uth African meteorology^*^' 21 (=£= 23 and 
ij in succession) in tree gro^lh in Arizona **^ 7 ^ 22-23 double sunspot 
cycle (see bebw) in Swedish and other temperaturcs*i*^s in the rainfall of parts 
of the U*S.A. p in the levels of the Great Lakes^^ and the Nile, in tree-rings 
and in catches of cad and mackerel in the Atlanticand 24 in various 
climatic factors in both the northern and the southern hemispheres.ll^ 

These short meteorological and solar periods, which in polar latitudes have 
a greater amplitude than the primarj^ it-year cycle^l^^ ^re possibly sub- 
harmonics of longer solar periods, as is proved for example by an analysis of 
Wolferis sunspot dataii^. they include many of various lengths,^as has 
been shown for solar radiation, Nile floods and tret-rings. 

Among variations longer than Bruckner's we may mention a 40-year cjxle 
for rainfall IS ; recurring se^'e^e winters in Avest Europe and temperature 
oscillations in central Europe^ British rainfall^ 50*1^; level$ of the 

Sea of Aral, 55^^®; Avinter temperatures, 69 5 and 88 yearly temperatures 
of RomCi^ 761^®; Europe*s cold winterBj 89; precipiladon in parts of North 
America, 90^^; level of Lake Ngami in South Africa and of the Baltic Sea 
in north Germany and climatic factors in central Europe, looi^; trees in 
Arizona, lOo, 150 and 275^24. Bathurst rainfall, north European 

temperatures 110 and 220^^^; severe winters, 130^27* 2;ealand rainfall, 
Nile floods, tree-rings in Arizona and California and lateglaoial van^es in 
Canada, 152^^; levels of Scandinavian lakes, 160!^^; liistorical droughts in 
the Old World, the postglacial dunes of the Pomeranian coast^^^; 

dates of the break up of the ice on the Neva at Leningrad and the Dvvina at 
Riga, 212^^^; Nile oscillations, 213 or 225 (= 6 or 7 times Briickneris 

period with shorter periods of 5, ii» 23 and 48); certain earthquakes and 
climatic oscillations, 250^^; recurring severe winters^ 265^^5 j floods^ 

Chinese earthquakes and sunspots, 260-280!^*; various astronomical and 
terrestrial phenomena^ 300^^^; Russian droughts and severe winters, a fevv 
centuriesi^*; Californian 8equoia rinp^ 300-400 and looo^^^ (with ioO'i50, 

3Sr * I 744 barometric pressures, Avith sub multiples of 

372 and 186+^"^*^ 

This beAvildering complexit)^ of alleged periodicities, most of Avhich are 
impersistent, induces a feeling of scepticism in their value or existence 
Avhich is but increased with the impossibility' of finding any reasonable 
physical cause for them* The discovery' of hidden periodicities is an cx- 
trenieiy difficult ohCp Yet many mature students accept tlieir reality and 
ShaWjI*^^ from his analysis of periodicilies, concludes that many of the cycles 
may be harmonics of a primary cycle of 93 years and others multiples of 12^ 
months or of one year or combination of the tAvo. The no-man's-Iand 
between recent records and those of early postglacial time puts a formidable 
obstacle in the path of those who strive to discover the longer periods. 

ReLation to sunspots^ Sunspot numbers, as is well knoAvn, are variable! 
whether this be oAving to extra-sobr causessuch as planetary' conjunc¬ 
tions,!'^ as those of Jupiter and Venus, or to the impact of meteors 
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("aunspDt svvamn”) or to Some intrinsic solar period connected possibly with 
an electro-magnetic oscillation, is not german^: to our discussion. Reliable 
numbers are only available front 1749—they have been published for the 
years 1749-1900>^"‘* and up to They show variatiuns 

betii^^een 45 (1816) and 154 4 (1778) at maximum and o (iSio) and 11 (1766) 
at minimum—between 1645 and 1713 there was a similar dearth of sunspots 
following maxima in 1625 and 1639 and minima in 1619 and 1634. Since 
1900 there has been maximum spottedness at the following time^i"^^; 1906 4, 
1917-6 and 1938-4, t937'4 *947'7 minimum spottedness at 1901-71 

1913'6, 1923-6, 1933-8, l944’3^ ^954(?)- 

The length of the cycle, which is apparently host given by the minima and 
has been generally based upon a revised form of A. Schuster'$ periodogram 
analysis,*^ has frequently been discussed. 1 SI R_ Wolf's table 1^2 shows that 
the cycles are not constant; since 1700 they have spaced themselves as follow-a: 
i70c^49, 11; 1750-90, 9-3; 1800-30, 15; 1S30-7, 7; 1838 onwards n 4- 
Schuster*^^ obtained only two perils, a first with cycles of 9*25 and 13‘75 
years, acting successively, and a second with an 11 -1 -year cycle. D. Alter 
obtained ii*37> Hannisch^^^ 11-55 and StumpfF^^^ 11-23. rh^ figure 
commonly adopted for the recent period is S, Newcomb^ 11 *13*'^ (Wolfer^^® 
gave it as 11-124, l^^'r corrected to 11-2, and planetary' conjunctions give 
11-178^5^), though the reversal of magnetic polarity show s that the “old” 
cycle of 11 years is only half of the true 22^year “magnetic sunspot cycle 
(Hale s period). Authorities differ as to the number and rcalitv' of significant 
periods which may enter into the solar graph. In addition to tlie 11- and 
sj-ycar cycles—the 11-year cycle, first discovered by Schwabe in i843p has 
recurred 28 times since Galileo's invention of the telescope in ifiio-*—others 

37 t 77 » 3^ Knd even possibly as long as 1400 years have 

been assigned. Obviously, records of any interval of 100 years or more arc 
scarcely yet available. While the sunspot periodicities of A. Schuster (1906) 
FL Ximura (1913) and H. H, Turner (1913) are apparently illusory^^*^^ the 
T T-jear period is probably a subharmonic of much longer ones,^^^ in particular 
of 89-36 years (cf. above). 

The amplitude varies independently of the period by about 50% of its 
averse value. Hence the sunspot curve should be represented, as Michelson 
has suggested, by a function of variable period, amplitude and phase. 

Since all atmospheric movement and therefore temperature, pressure and 
wind distribution depend ultimately on energy received from the sun, mainly 
as solar radiation it is namral that we should link climatic variations with 
iiarymg solar radiation* Ihe relationship betivecn sunspot activity (in-- 
eluding the number and area of sunspots, faculac, floccuU and prominences) 
and terr^tnal phenomena, is indeed the subject of an immense literature 
w-hieh Hansen and ^ansen have summarised up to 1914 and C* E. P. 
Brooksiw for decade 1914-24, 

affirmed for temperatures^*^^ and pressures,!^ has been 
claimed for almost every conceivable variable, though sometimes with a phase 
displacement Tt been ^iterated for physical, biobgieal and demial 
phenomena, jncliidmg earthquakes and volcanic frequencies magnetic 
Storms and intensities and electric disturhanccs.iM cirrus and halo aspects,!^® 
temperature^ (including that of the ground'^i). preasurel^J and atmospheric 
eirculationi74. nunfalUJ^ e.g, of Berlin. Britain, Russia, Siberia. Dakar, 
Ar^enuna. Australia and New Zealand; floodslT*; hail and thunderstorms in 
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\'ariou?i parts of the w orld^^^; e.g. Lake Baikal^ Great LakeSp 

Mctoria Nyanza and Albert Nyanza, Lake Nyassa, Lake Tanganyika, Lake 
George and Lake Tifcfeaca; lake-warps, e.g. Lake Sakski in the Crimea^^j 
the intensit)' and number of cy^elnnic storms^.^as in the tropics, and monsoon 
rains in Indial®^; European vmc-hanests^^^'famines,^®^ commercial crises,^®"^ 
residential mortgage loans>^®^ raihvay irafEc returns in the United King¬ 
dom^®* and historical uprisings^^’^' tree-growth^*^ in Scandinavia, the Baltic 
and North America; moist-cold periods of Bruckner^s cycle^®^; ice-condi¬ 
tions^^ about Newfoundland, Iceland, Spitsbergen and the Barents Sea and 
in the Baltic, Davis Strait and polar seas generally, including the Antarctic; 
the strength of the Gulf Stream and West Spitsbergen Current *^2; the level 
of the oceans—the Atlantic appears to be lower, the Pacific higher during 
sunspot maxima and for some biological events,including the fish life 
of the Caspian Sea,^^^ the migration of birds,tlie numerlea] variations of 
birds and of certain fur-bearing animals and rodentsincluding the 
Canadian lynx, musk rat and snowshoe rabbits (lemmings, voles, marten and 
fox show' a 4-year cycle, probably controlled by non-climatic factors 
and of crop-destroying insects2^0 (though many creatures, e.g. grouse and 
Canadian rabbits, vary in cycles which are not prirnarily due to variations in 
solar radiation Even the integral submulliples or short period variations 
have their counterparts in the short periodicitiG$ of solar radiationHale's 
double period has been observed in the rainfall of west Canada,in the 
general circulation of the air^w jj| irce-.growth. 2^>5 The short period, to 
which various investigators have assigned lengths of a'5-3'5 years, is ^ven an 
average length of 2^33 years by H. W* Cloughivho thinks it varies from 
1*5 to 3*5 according to its position in the 11- and 36-ycar cycles and is con¬ 
nected w'ith the mean latitude of sunspots which also varies with longer cycles. 
The sunspot cycle has been claimed for earlier geological periods, e.g. the 
Upper Palaeozoic (and a 200- and a 4500-year periodicity) and the 
2 ^chstein and Eocene (a rhuhm of 21^000 years), as well as for the Pleis¬ 
tocene (see Pi 144). Other periodkities have also been mentioned.-®^ 

But the relationship has often been questioned or rejected because the 
atmosphere cannot mirror promptly and faithfully slight variations in in- 
tensit>' of solar radiation reaching the earth-*®; temperature changes are too 
little to have any direct effect; and metecrolc^cal phenomena do not vary 
in harmony or in the same ratio as sunspots.^^- Alternatively, they result 
from oscillations of the earth^S axis.^^^ Variations in magnetbm and solar 
activity have been ascribed to a third, unknown cause. 

Nevertheless, the agreement, though by no means obvious or clear, seems 
to be too dose to permit of a doubt as to the reality of some kind of connexion 
bctiveen the amount and quality of the emitted solar radiation, as indicated 
by sunspots. The causative relation, as yet undiscovered, is by uo means 
simple or direct and the mechanism by which it is accomplished is much more 
complex than first believed+ Solar disturbances cause an emission of atoms 
in sw'arms w'ith consequent reactions, for example^ in terrestrial magnetism 
when sw'arms are directed in such a way that they can reach the earth. The 
effects arc probably greatest in the ozone layer^ the conducting layers and 
auroral zone^ and are only secondary at the earth*s surface- rerreslrial 
effects, such as the lag induced by polar ioe and ocean currents^ also complicate 
tliem; for example, a cold year in North Sil^eria causes icc^accumulationa 
between Spitsbergen and east Greenland about 4-J: years later^^^^ 
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The temperature of the earth as a whoJe vanes inversely with the frequency 
and number of sunspots 216 although the soJar constat which probably 
averages t ■90^1-54 cal cm”2mijn-i ai present varies seemingly by 0*7% 
with the cycles of solar activity and is highest during the sunspot maxi mum 21® 
the cycle is c. 23 years but is not well correlated with sunsfxit numbersj2l 9 
so that the question is still debated whether solar-constant measurements as 
observed from the earth's surface are sufficiently accurate to reveal the period 
and nmgnitudc of solar variations. This result^ expressed in W. J- Hum¬ 
phrey s paradox of a hot sun and a cool earth "j was first antiounced early 
in the j 7th century',^ The curve of solar constant^ therefore, is in opposite 
phase to the terrestrial curv'e of temperature. The paradox, which some 
meteorologists would deny—it depends on the region is ascribed to the 
earth $ gravitational field,22^ variations in atmospheric circulation through 
pressure conditions in monsoon and other regionSp22l xq increased absorption 
*jpp^r aif at times of increased sunspotSi^^ to higher radiation 
which augments the evaporation over the ocean and water-surfaces (thereby 
increasing the cloudiness and rainfalland reducing the intensity of the 
general prculation^^). It is aI$Q attributed to the formation of O2one in the 
upper air and the greater richness of the sun's rays at sunspot mEuimum in 
Violet and ultraviolet raya^^? ^hich raise terrestrial absorption—the latter are 
n^ch more irnportant than variations^ in the solar constant^ and though chiefly 
ecting the higher atmosphere arc reflected in the pressure and circulation 
patterns at the lower level. It has been sought too in KuUmer's law of the 
shifting of the storm tracks in accord with changes in sunspot numbers,^^ 
Ihe sunspot cycle is translated into effect through the medium of cyclonic 
storms which have divergent regional consequences. Thus the tracks are 
shifted northwards m Europe and Canada and southwards in the Mediter- 
U.b.A, to control temperature and rainfaJI, winds and currents. 
Atmosphenc circulation and all its attendant phenomena v£m% it is claimed. 
m unison with changes of solar radiation whose 14 periodicities, all approxi- 

[1^ 273 months, arc reflected in terrestrial 

. ^ c ohseried variations of the solar constant obtained by the 

^trophysical Obser^atop^ of the Smithsonian Institution are by some 
j L than the uncertainties of measurement or referred to 

defects in the methods used^^tj. When solar radiation and activity are 

contrast bctiveen areas of high and low pressures 
B aMcntuated, the pr^ure belt in mid-latiradca is intensified, the polar anti- 

chaiJ^e if nW^ pressure belts shift polewards. There is also a 

SSh ^^*='"^^^^1011 of pressure in high and low latitudea^J^ and 

t^tWLcri north isiid sioiith Europe. 2^^ 

Op^ed rhythms. Climatic variations are not alwavs of the same sign 
over the w^de globe: W. Ilerschel^^s .^is as earlv as iS 

>s a barometne ‘■see-saw" between Russia'and India^^^j a 

and the Adb'nrir central North .^erica 

the drier east 238 btf^^n the north-west fringe of Europe and 

summed rr ' temperature ‘ 4 e-saw", 2 :*?^cold 

S Arneri™ 3 ''' ^ with warm ones in Greenland and 

Eurot>e anri . Years near Newfoundland with w^arm springs in 

Greenland, Iceland and Spitsbergen. The 
coimected with the changing strengL of the 

^orth Atlantic circulation and the Gulf Stream. Hdds period in the 
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circulation is in opposite seiiscs in systems whidi belong rcspectiveljr to the 
Icelandic Low and the Asiatic monsoon regions.The Tninimum rain¬ 
fall in continental areas is at sunspot maximunrif in oceanic areas at sunspot 
minimum.-^ ^ 

H. Arctovvskiexamined the synchronous departures of temperature and 
pressure of the individual years from the lo-year average and drew lines of 
equal departure* designating the areas of positive departure “thermp- 
pleions" and “ baropleionsrespectively* those of negative departure '*anti- 
pleions" or "^thermomeipruj” and ‘^baromeions^^ They travel irregularly 
over the earth* carrying with them conditions of high and lo\v temperature 
and inducing changes of ditferent sign. Regions of low pressure^ such as 
Alaska* Siberia and Iceland^ and of high pressure^ such as the subtropicid 
latitudes over the oceans, possess climatic variations of temperature and 
pressure of inverse sign in accord with the observed relation between solar 
prominences and the distribution of meteorological variations. 2'^3 These 
"action centresfrom which temperature weaves are propagated, have 
been more recently investigated.^**^ They seem to move into higher latitudes 
with increased solar intensity. 

The mean temperature in the northern hemisphere is less in winter at sun¬ 
spot maximum, except over the North Atlantic Ocean and north-west and 
central Europe where it is higher at the maximum.^"*^ The sign is reversed 
too in North America as the tropics are approached,while the ice-relation¬ 
ships in North Canada suggest a new centre towards BafRn Land. Stronger 
w'inds lower the temperature in the tropics and subtropics but raise it in mid- 
latitudes, as in the North Atlantic. ^-*8 

Certain extensive regions during historic time experienced similar climatic 
changes. Others, widely separated, have either witnessed opposite changes, 
as Brucknerrecognised for Burma and the Deccan, or have either remained 
neutral or fallen under the sway of one type or the other.^® 

The results accruing from the vast amount of painstaking work performed 
on these lines are, it must be confessed, meagre, disappointing and bewilder¬ 
ing, and have merited increasingly w^eightj^ and extensi ve criticism. Clear and 
definite relationships are not established. Except for the well-known correla¬ 
tion of terrestrial magnetism with sunspot numbers, there is hardly a single 
phenomenon which is universally accepted as so related, for the figures ^vhen 
submitted to exact mathematis^ analysis give results which arc usually 
negative. ^Fhe cycles are limited and vary in their lengths and amplitudes: 
none can be used for prognostication, though formulas for predicting smoothed 
annual sunspot numbers have been developed by several authors on the basis 
of harmonic analysis or by numerous empirical relationships between hEights 
of maxima, rate of rise and other factors. Yet it may be that through the 
Control of air-pressures and atmospheric circulation^^ the meteorological 
elements vary^ with sunspots or with solar radiation and the displacement, 
perhaps, of the climatic belts through the latitudes. The variations do not 
everyw here have the same sign, the opposing variations being distributed in 
accord with action centres^^^ as demonstrated for high latitudes. 


2. Glacier Oscillatiotis 

Since glaciers are peculiarly sensitive to climatic variaiions (see p. 9), they 
may also be e.xpected to have a periodicity. This is important both for 
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bearing upon the general subject of periodicities (see pp. 11591 1499) and for 
the light it may throw upon the cause of the Pleistcrtrcne glaciation and the falJ 
of temperature this would require (see p. 644), 

Nature of proof. Proofs of glacier retreat or advance may be gathered 
from ancient records, e.g. legal documents^ or from natural evidence: Mer- 
canton s Jabours on the Rhone Glacierand O. Liitschg^s work on the 
Mattmark Glacier illustrate how' the two metEiads can be combined. 

Historical data include such things as the opening of valleys to human inter- 
LQUr^j and the debacles associated with the draining of glacier^-lakes. Records 
of this kind are plentiful, for c^tample, in the western Alps^^ and are not 
quite lacking tn the eastern Alps^^^ though for the period before 1600 nothing 
is available and glaciers are scarcely mentioned, The less important events 
of a retreat were less liable to be recorded than those of an adv'ance which, 
direct overriding by ice or the action of its streams, wrought havoc 
to habitations and lands. 


Natural evidence is abundantfor example Bergseh^nde and R<md~ 
kliifte W'iden and become shallower and new ones are created i the bergschnind 
becomes a randkiuft; small valley and cirque glaciers stagnate, lose their 
tongues, form horseshoe-shaped glaciers, break up into tandem glacicrcts+ 
give way to n^ves or vanish completely; nivfe and nev^ patches disappear; 
passes bc^meopen, as in the Alps during the whole of the Bronze Age, early 
HaUstatt Period, 3rd and 4th centuries b.c. and later Middle Ages^^; rock 
\^ndows or nunataks emerge and grow, especially on steps in the valley 
and above the bergsehrund; gbefers collapse, thin and become less convex or 
^en Concave; lateral moraines slide down and inner moraines appear; ice- 
ow essena; the ends of tongues separate off, sometimes on the cmergenoe of 
rock'barnets, and become dead^ — the end of the Z’mutt Glacier, 800 m 
long, 1^0 m broad and 10 m thick, has recently separated off from the main 
mass, ice-caves disappear, the ice-surface becomes “tamer” or in some cases 
more crev^^d, o^n crevasses heal up; confluent glaciers are dismembered— 
the Guslarfemer has serrated from the Vemagtferncr, the Kesachvand from 
the Hmtereisfcmcr, the ^halfemerfrom the Marzellfemer, the Hofmannkees 
shrink away from their lateral and terminal moraines 
T morame-covered remnants of ice or ice-free strips of 

and which pmv^de interesting legal questions of ownerahip.^^l e.g. state, 
oc community or pnvate o^vnership; and small glacier-lakes come into 

A by light-coloured and unweathered 

. are-rock stnps, destitute of plants, occur,^*^ as on the east 
1 *^ 50 . cspeciaJJy on the inner side where unstable 
aSS maviTig live ice or melting dead ice, hinder 

photographs from sites Iccurately known, 
pJ^e-tabJt maps and len^etimg distances from marked boulders or artificial 
caims are cormborative.a'S Bosses of ice left on the sea^fltwr or partially 
forming lagoons may prove the retreat of tidal glLiera. 

I he time which has da^d since the withdrawal is less easy to ascertain. 

'^"^y records or gauged from the depth of 
SK* through the morames by emergent streams. It may also be 

OrSon ", e,g. in Alaska, British Columbia and 

a Sf whi^^n outward growth proceeds regularly and at 

rate which can be graphed,or from the plant succession «8_endolithic 
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lichens in the Alps arc not established until after a period of about 25 
years. 

Proofs of positive pulsations are equally numerous,Ice closes passes 
and cols, covers paths and camping grounds, buries small nunataks, develops 
dust at difFerent horiisons^ and becomes steeper and mote conveti at its front 
and more creii’assed and broken at ice-falls. Adjacent nives unite and tiny 
glaciers are bom; morainic matter at the snout is diminished or eliminated or 
thrust up and displaced; the soil in front is cracked and beds are folded, dis¬ 
located or overturned (see p. 218); and moraines, till and fluvioglacial gravels 
arc grooved and flu ted 270 —some of these ridges, especially those which 
extended downstream from boulderSk had probably been pressed up into 
basal crevasses or low subglaciat channels. The ice marches over cultural 
fonoations, such as farms, houses and trees (this early directed attention to 
the Grindehvald glaciers), disturbs the vegetation by actual overriding, by 
ice-avalanches or by river-cncroachment, and carries humus into subglaci^ 
streams. Dead ice is overridden or pushed up* Continuous flow may give 
place to block movement (see p. 118). Calving in tidal glaciers becomes 
more frequent and intemse. 

Seasonal oscillations. Seasonal oscillations in length and thickness vrere 
early observed in the Alps 271 ^md have been studied more recently, as in 
Alaska ^72 Rhone Glacier 273 —the latter's 2^0-ycar average gave a 

maximum on 25 May and a minimum on 15 Octoherp though the length 
varied by only tom. As early gkcialists observed 27 -* and Him^ayan glaciers 
display most strikinglyp^^^ the snout swells during the winter and thins during 
the summer 276 in harmony with variations in temperature or precipitation. 
These compel an adv^ance or recession m stationary glaciers but merely retard 
or accelerate the dominant variations in those which are in a state of general 

groAvth or decline.277 

Periodic oscillatians* Periodic osdllatjons, besides seasonal ones, were 
early noticed in the A]ps 27 « and subsequently review'ed .279 Their study, 
inspired for many years by F* A, Forel, received a new stimulus in iSbg 
when, alarmed at the possible impainnent of important water-supplies that 
might result from continued recession^ the Glacier Commission of the Swiss 
Alpine Club was founded, and began work in 1874 on the Rhone Glacier, the 
most thoroughly investigated glacier in the tvorld. Its reports appeared in 
the £cho d^s Aipes (1881, 1882}, the Ja/irftwrA d^s St/nvfizer Aipentluh (1S83- 
1890), and since 1925 in Die The investigations were extended when 

the Sixth International Geological Congress Meeting in Zurich in 1894, 
following a recrudescence of the Alpine glaciers that culminated during the 
1S90S, created an International Commission on Glaciers which began to col¬ 
lect detaik from the whole world. Its first ten reports appeared in the 
Archives des Sciences physi^es et naturelles {iS 95 “J 505 )i sJ^d afterwards in the 
Zeiischrift fur Gteischerkufide (1906-14)* Later reports, after the inter- 
ruption of the Great War of 1914-18, were issued (after 1927) by a nctv glacier 
commission of the Intematiofial Association of Scientific Hydrology, a unit 
of tlic Union of Geodc$y and Gcophj’sic$.2M In 1939 this commission was 
united with the Commission of Snow of the same body which had existed 
since 1933. The oscillations in the Mont Blanc massif have been particularly 
intensively studied during the present century 281 while those of the United 
States have been recorded annually in the Transactions American Ceapbysicai 
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Union from 1931 onvrards and triennially in tlie Tnuisoftiom Intemattonol 
Assodation of Samtijic Hydrob^. Reports also appear in Z&itsdtrift fur Gkt- 
scJterkunde und Glaziohgi£ from 1949 onwardSp and for Italy in Boiktim del 
Comitolo gkdalogko itaiiano. 

Yet inaccessibility and the constant discover)' of new glaciers have made 
detailed observ'ations outside the Alps generally meagre; Alaskaand in 
less degree the Himalayas^^ almost the sole exceptions. Ncvcrthcleset 
data are sufficient to ftimish useful generalisations. 

The variation of a glaeier^s length within a cycle i$ often considerable^ as in 
the low-lying pam of the outlet glaciers of Greenland's^; of the 

JakobshaMi Glacier receded ii km between 1S50 and 1902 and 15-20 km 
between 1S50 and 1931^^ and that in Eternity Fjord 300 m in 38 years.2S& 
The variation is usually between 100 and 150 the Selle Glacier, for 

instance, retired km in 10 years, the Pilate Glacier 07 km.^^s The 
Sefstrfim Glacier oscillated 6 km in i4years^^^ and other Spitsbergen glaciers 
retreated 1 500 m between 1907 and 19^4 2^5 The Franklin Glacier of North- 
East Land has receded r. 3 km since the Stor Glacier of Sweden 

* 3 ® m between 1908 and 1939^292 and the Hombre 3-4 km between 1918 and 
1938. The glacier^ in Jotunheim reveal retreats of up to 500 m since the 
bc^nning of this century.^w Tamyrngcn Glacier in Turkestan Alai 

withdrew 2 km between 1911 2nd t 934 >^^^ I^ksir and Zanner glaciers of 
the Caucasus 1250 and 900-1000 m respcctit'ely between 1890 and 1933*^^ 
and the Murchison Glacier, New' Zeaand^ 800 m in 45 years.2^^ ^Fhc 
Nisquall) Glacier on Alount Rainier, which has the longest recession record 
m the United States, receded 355 m between 1918 and 1938 and 1035 m 
between 1S57 and 19402^® and 47 m in one year (1934), and the Easton 
Glacier on Mount Baker withdrew' 1503 m in 31 years ^ record for 
continental U.S.A. 

^ ^ great in the Himalayas where an adyance of as much as 

b km has-been noted in one winter and spring and r. 11 km in 8 days. 3 <«* The 
snouts of the Biafo, Sarpo Lago and Crevasse glaciers have tJunned by 46 m, 
61 m and 122 m respectively in the last hundred years. 30 l The snout of the 
Karhngerk^ r<^eded 50^80 m between 1929 and i94Sp-^®^ and the surface of 
the G^e Glacier, Spitsbergen fell 40 m in 39 years ,305 the Jostedalsbrae 
18 m ^tw^n 1900 and i^o 304 the f[omkees by a half bet^veen 1921 and 

1937 ' T jit recession is probably most pronounced in Alaska 306 (fig. 36) 
where one of r. 900 m took place in 4 years and the w ithdrawal in Glacier Bay 
was 24-26 km I n 33 years, exceptipnally e. zo km in one year, and amounted 
to f. 97 tn since 17^. Retreats of up to 20 km have been recorded since 
1890 of f. 11 km between 1903 and 1907, Du ring the Jast two-thircb of 
a century the glacienscd area about Muir Inlet has been reduced roughly by 
35 4 or some 175 sq, mil« (450 sq. km), By contrast, Alpine glaciers have 
iJf ndddle of the 19th eentury i thJ Upjer Grindel- 

wald Glacier hM retreated more than 1 km since iSaa, the Rhfine Glacier 
more thM *’6 km since 1818, Jie Hmtereisfenter i z km between 1S56 and 

J^rnagtfemer 3-5 km since the same 
century xjie group of glaciers of Gran Patadiso 
ha%^ lost on an average ao4 of their surface between 18to and 
Cer^in Oetetaj glaciers retreated e, 650 m betu-een 1913 aJid 1945^ and 

Rhone Glacier thinned by r4-i m between 1887 and 1907, the vJmagtfemcr 
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(near the end) by 15 m in 1888-9 Pasterae at the end by 16 m in 

1943.310 The surface of the Aletsch Glacier sank 52 m between 1851 and 

1947.311 The Paste rze betiveen 1856 and 1944 lost 38% of its area and in 

volume 127 million cu. The ton^e of the Waxeggkees in Zillertal has 

completely disappeared, 3 

Plateau glaciers with their extensive Arn regions react more strongly to 
climatic change than do valley glaciers. Since 1S44, a plateau glacier in 
north-west Iceland, 410 sq. km in extent, has vanished and another, 
600 sq. km in area, has shrunk by half, 3^4 The GlimuJdkuU has practically 
disappeared and Hofsjiikull in Ldn has divided into three separate masses 
since Thoroddsen’s time — the discrepancy between his Agures for Iceland 
and present determinations (see p. 93) is partly due to recession. The 



Fig. 36,'— Recessbn from Reid Arm, tinoe 

lS7^. W. S. Cooper^ G. R. 17, 1937, p. fij. 17. 


-Alpine glaciei^ have lost since the 1870s 36% of their area^^s — the glaciers of 
the Zillertal, Stubai and Oetatal Alps have recently lost 210 million cu. 
tn/annum 3 i*—and since the beginning of the present century some of the 
chief glaciers of Montana have been reduced 40-75% in area and more in 
volume; several smaller glaciers have disappeared .317 'I’he glaciers on the 
dry south-east slopes of the Caucasus lost up to tw'o-thirds of their surface 
area between 1890 and 1933,318 

The glacier-area in the Stubai Alps contracted 28% in joycars^i* and that 
in the German Alps since the 1S7OS by 3 6%. 320 The Pastef 7 ,e 32 i shrank 
between 188S and 1927 from 33 to 24-5 km and lost between 1856 and 1936 
750 million cu. m, the Bhbne Glacier between 185^ 3912 315 million 
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cu. mj the Suldcnfcmer (1856-96) 85 mittion cu. m, the Geisatscbferner 
(1S56-1922) 145 million co. m, the Himereisfemer (1850-190^) 200 million 
ciL m> and the \"cmagtfenicr (1856-1902) 248 million m. m.^^ The 
Jamtalfcmerlost bett^een 1S64 and 1921 42 75 million cu, m.^^^ During the 
last 30 years^ the glaciers of the Alps arc estimated to have lessened in length 
by 10% and in thickness by 25-30 m, representing a diminution in volume of 
75 TTiillion cu. m.324 The Styggedalsbmc uf ^Jorway lost 44 million cu. m 
of water or one-third of its total volume bettveen the second half of the 
igtJi ccfiturj^ and I9i9fc'^25 the Stor Glacier 70 milHoi^ cu, m between 1922 and 
1946,^-^ the Hoffelisjdkulh Iceland, bet^veen 1930 and 1937 at least some 
300 million cu- m of water below the level of 400 m^327 the Barry Glacier of 
Alaska 1 cu. mile (r, 4-17 cii. km) bettveen 1899 and 1910,^^ and the I!elm 
Glacier, British Columbia^ 5000 million eu. ft (r, 140 million eu, m) between 
1928 and 1947.52^ Altogether, the glaciers of the temperate, subarctic and 
subantarctic zones have lost r, 10% of dieir total volume since the middle 
of tlie last Century (see below). 

Lenglb of cycle. The precise cycle is difficult to determine. Thus it 
is by no means easy to fix the actual year of the maximum advance or the 
beginning of the retreat. This is especially the case where the snout is 
thickly mantled with debris or snow. Additional errors creep in through 
short oscillations {osallatians w'hether seasonal, accidental or 

aperiodic; by the contrasted histories of adjacent glaciers (sec p, 152); and by 
deviations from the general trend, especially during the transition between 
phases. For instance^ the region affected by the expanding Alpine glaciers 
at the end of the 19th century progressed from west to east the advance 
began in Switzerland in 1S75 and was completed by 1898, while in south 
Tyrol it commenced in 1884 and in the Austrian Alps in 1890 and ceased in 
both areas in the early part of this century. 

Secular movements probably predominate in largep longitudinal valley 
glaciers like the Hispar and Baltoro tvhich are AveB exposed, slope evenly and 
gently, and are joined not too near the snout by small tributaries of similar 
characten^^^ 

Alpine inhabitants, before the i Sth century, regarded the glacicr-cycle as 
composed of a 7-year advance and a 7-year retreat^^ This was doubted by 
Altmann^^^ and de Saussure^^® and disproved by J. J. Scheuehier^^^ and 
much later by Agassiz.H. Fritzrecognised an 11 - and a 55-year cycle* 
and K. Faegri^ periods of 2, 4'5, 14 and 30 years for Norway. 

The sunspot cj-^de (and its multiples) has been demanded for glacicr- 
oscdlaiions^J and Briickner's cj^cie has been claimed for Norway (alter¬ 
natively two cjxles half that length), Canadian Rocky Mountains, Kara¬ 
koram Mountains, Mont Blanc massif, and tentatively for Pleistocene 
moraines of Co. Kerry, Ireland. The Pasterze gave a period of 16-5 years. 
Historical records^ of the outbursts of glacicr-Iakes in the Alps reveal a 
cycle of betw'een 20 and 45 years, with an average of the Bruckner's cj^cle j 
they agree roughly with Forefs '4ertio-secular period", ranging betw'ecn 15 
and 50 ycars^^—the maxima may be 1820, 1855, 1890 and 1925. A cycle 
of io2~5 years f= thrice 35) lias been suggested for the French Alps.^-^s The 
Upper Shyok Glacier gave a periodicity of 44-77 years,^^ 

Bui the behaviour of glaciers is much more complicated than thia.^-^ 
Graphs of 26 of the chief Swiss glaciers during the 19th century show that 
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the cycle's intensity is verj' unequal in its numbers of periods; the Aar Glacier 
had one, the Rhone Glacier two and the Trient Glacier three advances.^^® 
It is, thereforCp not surprising tliat Bruckner's c^cle has either escaped detec^ 
tion, as in the boreal regions,where 4- and 14-year oscillations have been 
cited for certain glaciers jg dismissed, as for Nonvay.^^^ 

How difficult the problem is may be seen in the very different periods 
assigned to the very familar Alpine glaciers. Richter placed the maxima 
in i 630'-40, 16S0, 1715^ 1740, 1770, 1820, 1840-50, and found the i&zo 
maximum was the most intense and regular during the 19th centuiy^ though 
the 1840-50 period was general and many glaciers were Largest betsveen 1845 
and 1S50, lieim selected 1760-86^ iS 11-22, 1840-55 for the advances and 
1S22 40 and 1855-80 for the retreats. Ford^^^ chose 1S18-20 and 1S50 as 
maxima and fixed the beginning of the decrease at 1856. Others reckon 
1815-65 as one uninterrupted period with a maximum In 1818 or 1S20. 

has described the ''early recent‘‘ or ‘"subrecent" moraines in the 
eastern Alps, Swiss Alps and the Niont Blanc group of (ii) 1S50S, (A) 1820s 
and (c) the Fernau muraiiics of the early half of the 17th century (Grindel- 
wald glaciers, 1600; Hintereisfemer, 1680)* The " moraines are low^ 

walls, i-z m high, formed, as Richter ^^7 h;ad already surmised,^ by a short 
and energetic dilatation. In contrast to the western Alps, this was Jess than 
the *' 1S50 advance" which effaced the earlier moraines of many of the smaU 
glaciers and even some of the bigger ones, e.g. on the Gepatschfemer and 
Pastenie. Tho “ 1S50 moraines” are the mo^t striking and often, as in such 
large glaciers as those just mcntjaiied, are 1 km from the present snouts, 
a distance which narrows to 300 m in the smaller bodies. The '^^Femau 
moraines” are almost as big as those of the 1850s and are noticeably rich in 
blocks because the ice then adviced over terrain which had long been ice- 
free and attacked by frost (in accord with the finding of C, Easton that 
the winters in Europe were more open). Hence the mterstadial or inter¬ 
glacial period of the postglacial optimum (see p. 14S2) closed in the Alps 
vvith an advance w^hieh culminated in one or other of these oscillations 
(see p. 1496). Before 1600 historic records establish a low stand of 
the glaciersand lo^v air temperatures.^® 

The second decade of this century witnessed a general enlargement among 
an increasing number of Alpine glaciersthough certain glaciers, including 
the .■'Vletsch and Paslenie, did not take part in it. In the eastern Alps, it was 
between 1915 and 1917 and in the Hohe Tatra after 1915. In the vvest, the 
advance began earlier; in Switzerland^ tlie smallf^t glaciers beg^ to advance 
in 1909 and by 1919 70% t>f them were expanding. In the Mont Blanc 
massif, Dauphine Alps and Savoy all were advancing, though they were all 
in retreat before 1924-—the Alpine glaciersare now retreating annually 
by 2-15 m, though amounts of 15-30 m are frequent and withdrawals of 
J20 m are recorded. The Gepatschfemer is losing annually 2-2 million 
and the Low-er Aar Glacier up to 14 million cu. m+ In the Caucasus,^^ the 
greatest activity \vas in 1850-60, 1877-87, 1907-14 and 1927-35- 
The polar cycle is more obscure^^: there are virtually no old 
modem observations are neither continuous nor $0 re^lar as in more 
accessible latitudes; and many glaciers are tidal and give little or no hint of 
their r^ime. There was apparently an advance from about a.d. 1550 to 
1650^ a recession beuveen 1650 and i 68 c, a rapid advance to 17S® 17^^? 

a retreat until about 1790, and a maximum in the middle of the 19th centurj'. 
10—Q.E. 1 
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C, Rabot's historical retrospect^ concerning Greenlandp Icelandp Spits¬ 
bergen, Jan Mayen, Franz Josef Land and SoLndipavja showed that their 
glaciers^ after a minimum lasting several centurieSp advanced greatly to a 
majdmnm during the iSth and earlier part of the 19th century^ and varied 
indefinitely and indedsively and nowhere with the importance they did in the 
Alps, The maximum in Iceland was 1750-60 and 1847-70—one or other 
of these was the maximum in postglacial or historic time^—, in Norway 
1730 (it persisted into the 19th centurjJ and in Spitsbergen during the first 
half of the 19th century, llie arctic advance during the 1 Sth century' was 
bigger and that of the fir$t half of the 19th century was somewhat smaller 
than in the Alps. 

C. Rabot, J, Rekstadj P. A, 0 yen and K. Faegn among others» examined 
the Scandinavian osciUationSn Rabot found an advance during the first half 
of the iSth century^ followed by small oscillations until about 1S12. A 
decided retreat then ensued w'hichp with a short advance about 1865-70^ 
lasted into the present century when another advance set in. Rekstad,^^^ 
agreeing generally with Rabot, placed the minimum about 1700 and the 
maximum between 1740 and 1750* The semi-penmnent snowbeds of Scot¬ 
land {see p. 15) have since the iSth centur)' responded in broad agreement 
with the variations of the Scandinavian and Icelandic glacier^n^^^ 

A cycle extending over many centuries may exist in AlaskaAt two 
former periods. Glacier Bay region was free of ice and covered by mature 
forests (growth ringa prove some of the trees to be 250 yem-s old) which later 
advances ovenvhelmed. The^ ice-free periods may have corresponded to 
the times ivhen forests of giant Douglas fir {Psettdotsug^ titxtfQlui)f 500-600 
years old, grew in the Cascade Range of Washington where now only Alpine 
species occur. 

The Himalayan glaciers seem to have had a great extension in the 19th 
century^ eonesponding to that of the Aip$ 3 ?^: the present tongues on Nanga 
Tarbat are up to 600 m from these moraines. Yet the protective action of the 
thick morainic cover which makes the glaciers less sensitive tends to eliminate 
the shorter oscillations. 

The horixontal variations of the glaciers in recent centuries were probably 
more or less concurrent all over the world the hocfistimds were early in the 
iTthj about the middle of the iSth, early in the 19th and about the middle of 
the 19th century. The glaciers have been retreating from positions approxi¬ 
mately equal to the maximum during historic time (sec p. 1496)^ the recession 
being in several stages of ever-increasing intensity and interrupted by inter¬ 
vals of stagnation or advance* 

The vicissitudes of the glaciers since the Climatic Optimum (see p, 1482) 
are recordedr rather obscurely, in the multiple ** modern^’ moraines. These 
oscillations of historic times form part of an essentially new chapter of glacier- 
history ( little ice-age ”) which is separated by a long iiiter\'al from the stadia! 
oscillations of the deebning Pleistocene glaciers (see p, 1159)- 

Present regression. The glaciers of the w'orld are to-day In retreat,^^^ 
though not alw'ays with the same intensity or without sporadic spurts of short 
duration and small amplitude like those w'hich characterised the glaciers of 
Norway and the Alps (see above) in the earlier years of this century' or 
individual glaciers in various parts of the world, 3 ?^ e.g. Iceland, Greenland, 
Alaska, Himalayas and the Andes. This almost universal wasting-—Baffin 
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Land and ElJesmere Land and the interior of the ice-sheets are excep- 
tiqiis, though this is denied —which is generally impressive and in some 
places aJmcKSt catastrophic in nature (see p. 14:3) is in progresSi for example, 
in Asia^i (Anatolia, Persia, Caucasus, Tienshan, Pamirs, Karahoram 
Mountains, Himalayas and north-east Siberia), the tropics(Popocatepetl, 
Kilimanjaro, Mount Kenya, Ruwenzori and Sierra Nevada de Santa Marta)— 
the 15 separate glaciers of 1899 on Mount Kenya have been reduced to 
10 ^^^ — the Arctic north Labrador, Grinnell Land, Greenland, 

Jan Mayen, Iceland, Fran^ Josef Land, Spitsbergen — in North-East Land 
glacier-caps are losing small icc-fidds), Norway (the fim-limit has risen 
above many of the smaller glaciers and the recession threatens the disappear¬ 
ance of the glaciers), islands north of Siberia, including Severnaya Zcmlya, 
North America^see below), South America (Andes, Patagonia), New^ 
2 Iealand. 3 ^® In the Antarctic (O. Nordenskidid^^ thought the ice in 
Graham Land was advancing) this h Seen on Bouvet 35*1 and in the great 
outlet glaciers of South Victoria Land and is proved by the recession of Ross 
Barrier (see p. 179), the dead glaciers (see p. 41S) and the conversion of 
^pes and promontories into islands at the opening of the 20th century. 39 ^ 
The interiors of the Greenland and Antarctic ice-sheets, where loss is by 
radiation rather than by convection, may not have shared Jn this thinning 
(see above). 

The Alpine glaciers have been shrinking since c. 1850 though at different 
rates and by different amountsThe biggest glaciers and those which face 
south and w^est or have relatively large and flat fimficlds and steep tongues 
have withered most. The Alpine snowline, it is said, may ha%'e risen 90- 
95 m between 19^0 and 1950 and 100-200 m or even (most improbably) 400- 
500 m within a centurj^^^ (cf. p. 151). In the Sonnblick group of the Hohe 
Tauem,^^ ancient mining adits and workings have been newdy exposed. 
Italian glaciers are also receding 3 !*^ (see p. 14:2) and many Pyrenean glaciers 
have disappeared.^®^ 

ITic frequency of cold winters in Europe has remarkably decreased A®* 
Records in Sw'eden (especially in winter) reveal a rather marked rise of 
temperature since the beginning of the i9th century^^®^: the mean tempera¬ 
ture of winter has increased by r. 2'"C since about 1760 and the annual 
temperature range has decreased. This is true for most of Europe, including 
Fennoscandia,^ Denmark,the British Islcs,^^ central Europe and the 
Netherlands,'^^ Russia'^ (the growing season has lengthened in Leningrad), 
Germany and the summits of the iVlpa."*®^ Hie increase is greatest in the 
north and interior of north-west Europe* where the boundaries between 
climatic regions have shifted, and lessens to the south-west where the mean 
annua] value shows a decrcaac^*^^—the Mcdiierranean region ha$ not shared 
in the warming (P. Estienne, 1952)* The Baltic has become milder,’*'^ 
and the times of its freezing have been altered and its salinity (because of 
stronger winds) has increaised so that certain fish and other marine creatures, 
e.g. Aurelia, have expanded their range. Tree-rings in Scandinavia prove 
the present wanning and climatic flucuiations as far back as the rfith 
century.^ In Non%'ayA^^ where not only the temperature but the moisture, 
precipitation and winds are affected, wheat is replacing oats on the lower 
ground, com is ripening much higher up the hills, arable land is being ex¬ 
tended even up to the timberline* and the treeline is rising. T^epidoptera, 
birds and mammals are expanding their limits in Finland, east Carelia and the 
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Kola Peninsula (see p. 149S) and in Spitsbergen,^In Russia the European 
hare is advicing north wards and ihe reindeer is retreating.^ In Fin¬ 
land,where the winters have diminished in length and in severity* springs 
have become warmer and longer and the sunshine hours have increased in 
number, the growth rings of trees have widened, the foliation of trees, the 
blossoming of plants and the ripening of fruits have become earlier, the 
limits of wheat and lye and of trees have moved northw'ards, crop values and 
agricultural production have increased, the equilibrium of species has been 
disturbed, swamp surfaces have become drier and xerophilous species 
have gained an increasing foothold. In north Swedebare areas are being 
invaded by birch and willow and tree-rings have become broader.^^^ In 
Iceland the growth of trees and vegetables is more successful and the 
(hummocks) are disappearing from the^df (morasses) in various parts 
of the country. A new recurrence layer is forming in the peat“bog;s of 
Sweden, Germany and Switzerland.'^!^ Denmark has been enriched by 
^5 Sip^cies of birds^ Texas by 8 and Greenland by 5'^^^ The arnelioration 
has affected the autumn change of coat of the arctic fox in Greenland “*39 where 
the January temperatures in Jakobshavn are now c. higher than in the 
period 1891-19301 and where sheep and cattle are being reared in great 
numbers. 

The temperature is rising in the Soviet Union and North Siberia^^^* (see 
abovc)h In North America (including Labrador), the mean temperature has 
nsen 2 C since about the beginning of the century,^^! and the date of freezing 
over of the River Champlain has been postponed by 12 days^^ though the 
behaviour of the trceline is uncertain^23 (see p. I49S). 

atmosphere and hydrosphere of the Norwegian Sea and the ^Arctic 
Ocean have also become warmer^^^ and more saline (by o*z%A-^ihe tempera¬ 
ture of Icelandic waters has risen i^C and that of Barents Sea i S^C— as hav^ 
the deeper waters of both cast and west Greenland 425 This has induced a 
repeat of the limit of the &ea 4 ce .426 In the Russian sector of the Arctic the 
^ ntt“ice between 1924 and 194® was reduced by about 1 million $d+ km and 
m 1935 an ice-breakcr penetrated to 82^ 41^ at the northern end of Severnaya 
Zemlya. In 1932 the ship Kmpot^U.ch for the first time sailed round Franz 
^sef ^nd (sec p. tgy) and in August and September, JOio, the w hole north 
Euwian coast was completely free from ice ,427 q here has been a reduction 
m the thickness of the sea^ice from 365 cm at the time of the Fram drift 
(189™) ^ atS cm found by the Se^ (1937-40) and of the laver of polar 
water m the Arctic &a north of Eurasia (from 200 to 100 m), and'a poleward 
moverncm of the limit of the permanently frozen ground in Siberia over 
40 km 428 or over an several hundred kilometres wide along its southern 
of the coal slnppingseason in Spitsbergen has doubled.^^^ 
1 he Spitsbergen penod of navigation has increased from 95 days G 000-12) to 

IJi and the p^ck-i« sea^n north of 

Inland has become shorter by 2 months bchseen 1861-90 and ioii-ao/H 
rhe dnft across the Arctie Ocean is accelerated—the wcstwird drift that 
required 25 months in the From was tiovered in 16 months in the and 

Atl^tic n^oences m the \\«t Greenland seas have pushed southivards the 
wuthem hrnit of sca-i«, have weakened the Arctic water and have caused 

the Bniish and French region^^^ (Irish Sea, Eoglish Channel), in Nonvay 
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and north Europeand in the Baltic"*^ (isee above) where the winter ice 
has been reduced. There has been a warming in (he Labrador Cur rent-—the 
temperature has risen more than CC since 1912 and the number of bergs has 
increased (because of greater release from ice-Iocked fjords and — 

and off east and wxst Greenlandt north Siberiai Spitsbergen, Jan. Mayen, 
Fmms Josef l^nd and NciYfoundland"*^^ and in the Bahamas.^^^ The main 
body of w^ater in Hudson Bay %¥as 0'5"’C warmer in 194S tlmn in 1930 and 
was more saline by 

The increased flow of Adantic water into the Arctic Ocean requires a 
corresponding flow of polar waters southwards, viz. by the East Greenland 
Current and the roots of the Labrador Current, tvhich buffers the climatic 
effect along their coasts (M. J. Dunbar, 1954). 

I'here have been important changes in the marine fauna, both plankton 
and benthos, of die whale of the North Atlantic region from the British 
Isles to Greenland, Jan Mayen and the Alunnaxi coast and even in the Barents 
and Kara aeas. Cod {G^dus tatlarias)^ for example, has spread throughout 
all this region—in west Greenland in 1916 the tonnage caught w as 125 tons, 
in 1923 1000 tons and in 1951 2 D,ooc^25,ooo tons, and the occupation of the 
Eskimos has been transformed from one of seal hunting to fishing and the 
capture of whales* Arctic forms have abandoned or shortened their stay In 
the more southerly area, and certain fish are appearing in Siberian ivaters 
where earlier they were absenf^^ Similar changes are taking place in the 
North Pacific Ocean,e,g, in Sakhalin and AlaskiL 

'Phis warming and diminished seasonal amplitude of temperature are affect¬ 
ing the tropics'^ and the soudicm hemispherc%'*^^ e.g. Chile, South Africa 
and Batavia, though there may have been a contrary trend in Patagonia and 
the Antarctic‘S where ice-conditbns have w^oisened during this century— 
the edge of the shelf-ice off Neu-Schwabenland is however said to have 
retreated at least 160 km betiveen 1931 and 1939+^^—^and in east Asia and 
Australia^* and off California to judge by the changes in the fish fauna.^^ 
Lake-levels have fallen in east Mrica ,^50 Late Victoria, Lake Nyassa and 
Lake Kiogo, and the surface of the Caspian Sea has been lowtrcd.^^^ The 
deserts have become drier^^- and may have caused a migration of birds. The 
absolute rise of ocean-level., from the return of sea-water locked up in the ice 
—some is due to sedimentation and to the upwarping of shallow seas, such as 
Hudson Bay and the Gulf of Bothnia—, has been daring die last few decades 
at a rate of about 1^3 cm per century^ or 1 mm per annum (cL p. 149)+ 
This relatively small figure suggests that the Antarctic and Greenland ice- 
sheetSt which together contain about 99% of the present-day ice, have 
not diminished at the same rate as the smaller glaciers-**^^ 

The distributions of pressure and precipitation have also shifted. The 
subtropical high-pressure systems have moved polewards, the pressure in the 
north temperate zone has become higher over land and lower over ^vater in 
winter, and the precipitation has increased outside die tropics.'*^ Thus 
the annual precipitation has increased over the Arcdc and north temperate 
zone^ in Mexico, La Plata, southern India and south-east Asia, and de¬ 
creased over most of U.S.A.^ the northern part of South America, Africa, 
Malaya and Australia. Winds and cloudiness, which are so difficult to 
measure accurately, have probably varied too."*^^ 

The change, which apparently shifted its centre of gravity from higher to 
lower latitudesand h^ become much more pronounced in the last decades, 
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is partly because of a downward trend in pressure in the northern hemi- 
spherej '*57 and of an emphasising of the action centres 438 and the 

winter andcjdones over Eurasia and North America.^s^ There has been a 
secular increase in the stirring of the atmosphere by cyclonic circulation 
linked wiih the "zonal index:over probably the whole temperate region of 
the northern hemispherep including the Mediterranean regionj which tends to 
smooth out the contrast between the tvarm and cold regions. The Gulf 
Stream has become warmer,^^^ the pressure gradient has steepened, the Ice¬ 
landic Low and the zonal ivesterlies have shifited northw^ardSjp and large 
masses of warm air an d water are entering the Arctic about Spitsbergen 
%vhere the waters are more saline. The reconciliation of this view^ with the 
universal retreal may be because of altitude simply or because the glacier 
regime in higher latitudes is controlled by conditions in the lower strata and 
in lower latitudes by eonditions in higher strata,4^S4 Yhe retreat is mainly 
due to the extension of the period of ablation by conduction in spring and 
autumn. The change in New Zealand has also been attributed to a secular 
movement of the high-pressure belts to the soulh.^^s The ultimate cause 
may be a change in the solar con$taiit or activity 4 ^ or in the transparency of 
the atmosphere^^^ or an increase in the CO2 of the atmosphere as a result of 
the great coal consumption."^®^ It may also He in the atmosphere itself or in 
its interactions with the oceans oiiving to some process which* begun almost 
by accident", automatically increases in intensity until it becomes unstable 
or is reversed by some other accident.^®^ 

In North America,^?^^ where the climate is in general getting w'armerj^^* if 
the retreat of the ice conttnuea* the time is not distant when most of the 
glaciers in the weslcm ranges w'ill have disappeared. Hundreds of small 
cirque-gbeiers have ^ready vanished from the Sierra Nevadas during the last 
60 years. Glaciers in districts close to the Canadian boundary', because of 
climatic factors and the lower levels of their snouts^ have receded more 
rapidly than glaciers farther south 472 Only the future will he able to 
determine the precise significance of this W'odd-wide recession whose im¬ 
portance scenically and in connexion with water supplies and hydroelectric 
schemes needs no emphasis. The advance of the ice-front in the northern 
areas recently reported may have only a ternporarj' ^ignificance^^TJ though it 
h^ been suggested that there are signs of an impending reversal of con¬ 
ditions 474 (cf p. 1498). Thus in south Europe and the Mediterranean 
region *4 including north Africa, and in the south-east of IJ.S.A .476 there 
has been a lowering of temperature, while there has occu rred a d rymg 
out*^ of the eountry^ in east Africa^?^ and in arid North .\merica 478 (see 
above). 

Secular oscillations. Cycles of great amplitude but of unknown dura¬ 
tion have been postulated for glaciers,479 as for meteorological phenomena 
(see p. 135). Rabot ,480 for instance, recognised three kinds: " primary varia¬ 
tions^^ of one or two centuries^ duration, such as the Alpine advance of i 6 bo- 
1720 and 1814-55; secondary variations” within the primary ones and of 
contrap' sigii; and the problematic penode plutiseculaire lasting several 
centuries. Some Alpine moraines may denote oscillations of a higher order 
than Bruckner s cyde"^* and secular variations; of a few centuries have been 
pQatu!ated 482 Italian. Nonveglan and Alaskan glaciers. Greenland, on 
the other hand* which hp experienced a recession and thinning of its outlet 
g acicrs and margin during the last decades* has undergone no noteworthy 
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cKangc during the last 1000 ycfajs. North Greenland glaciers have been 
stationary' as far back as the Eskimos recollect and no legends arc current to 
the effect that they were ever The past retreat of glaciers may 

perhaps be revealed by observations of ground tempetatures in the neigh¬ 
bourhood of glacier-snouts.^®** Beneath the glacier the ground would be 
warmer (see p. 561,1344)* outside it would be colder. The rate of depression 
of the deep ground isothermals wouJd lag considerably behind the retreat. 

Cause of oscillntions. 'Fhe cause of the oscillations has occasioned 
almost as diverse opinions as have the periodicities themselves; the ice 
retreated^ said J, Ruskin, before the vulgarity of tourists! Several factors are 
involved: that these are mainly meteorological was early recognised.'*®^ The 
oscillations are accompanied by variations in the neve's extent* the ^nntigi- 
meni of mountains*®* (to use Forers term), in avalanche frequency,*®^ and in 
the snowline which is very susceptible to climatic change—in the Savoy 
Alps it is now- 400 m higher than in 1864^-^^ in the central Alps 60-Ho m 
higher than 60 years earlier*^ (see p, 147), in Jotunheim 200 m higlier*^^ 
(see p. 646)51 in the Caucasus 75±i5 m above that of the last century^*^^ 
(c, 1S50) and in north-east Greenland I50“200 m higher (Ahlmann* 

In general terms, as de Saussure*^^ discovered^ a glacier^s volume and its 
variations are a function of two variables* the one winter alimentation* mainly 
In the neve* the other* summer ^vaste, affecting the tongue.*^ This has been 
demonstrated* for exarnple* for Jotunheim **^^ from Alpine curves and tem¬ 
perature and precipitation**®* and for the Alpine advance of the second 
decade of the present century.'*®^ 

'rhese tw'o factors have been differently stressed. Agassiz* Charpentier* 
Venetz and many later investigators have regarded temperattjre, cloudiness 
and sun's radiation as the main cause*®®—valley glaciers have been likened to 
thermometers laid on the bosom of the earth 'vvho$c fevers are recorded by the 
**reading” at the end.*^^ The dominance of temperauire is most marked 
in the case of ice-sheets and ice-caps since in these the upper parts are 
relatively the largest. 'Fhe importance of snovifall is self-evident and has 
found frequent cmphasls.^^ Only small A'ariatEons are necessary' to induce 
considerable oscillations in a glacier's length and volume. This is especially 
truct for example, of the Icelandic and Nonvegian plateau glaciers where* 
because of the gentle rise of the surface* only a slight alteration in the altitude 
of the fimline would transfer very considerable proportions of the plateau 
from the reservoir to the dissipator and vice versa.^^^ 

Of more local significance arc x'ajriations of the wind^^ (direction and 
velocity)* local avalanching^*^ and surface-debris.^** Other causes are 
seismic avalanchiTig (see p. 155), the bursting of sub- or cnglacial lakes (see 
P’ 45 S)p volcanic activity in areas, like Iceland* where volcanoes and 
glaciers are eundguous.^OS A rise in temperature may explain the marked 
withdrawal in the Antarctic.^ 

Glaciers do not respond promptly to meteorological change: early 
writersarguing from the known rate of flow* thought decades or centuries 
rnust pass before it could be e.xpressed in a terminal oscillation. In Green¬ 
land, the ice-transport must last thousands of years(cf. p. 104) and the 
maximum extent of the Pleistocene ice-sheets, ascertained by moraines and 
kindred features* may have lagged long after the maximum aceumubtion 
of ice over Fennoscandia^*® and the North H.Amefican centres. The lag* 
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homverj in valley glaciers is relatively briefand of the order of z-6 years 
(see bclov-'). It varies with the length, sIm and inclinatioii of a gUder: if the 
glacier is small and steep the movement starts a httle earlier, if large a little 
latcr^^^^ Thu$j in the short gladers began to advance after rSi 2: and 

by *817 every glacier did so. After the middle of the century, each glacier 
in mm became recessive^ though it was not until about 1S70 that all were 
retreating. Small glaciers began to advance again in 1909 and 1910 and 
medium-sissed gladers in 191a and 1913# though the longer ones were still 
retreating in 1920. Rough correspondence w'as also found bet^veen the size 
of the Alaskan gladers and the time of their advance at the opening of this 
ccntuiy' 5 ^^ (see p. 155). The shorter and steeper glaciers of New Zealand 
respond differently from the Hatter and alovver glaciers on the Canterbury' side 
of the range.^^’* 

In attempting to generalise the facts of variation^, one of the most seiious 
impediments is the contrasted behaviour of adjacent glaciers. Though the 
sequence changes In one and the same orographic groups as Forel pointed out 
in 1883, tend to be in the same sense, adjacent glaciers, even if they start from 
adjoining fims or flow side by side for almost their whole length, are not in¬ 
frequently antithetic. Such contrasted histories were early noticed in the 
Alps Sis have now' been described from most glacier regions.^ The 
Roseg Glacier advanced this centurj' w'hen the adjacent Mortcratsch Glacier 
was retreating. Even parts of a single glader^ especially jf it be big and com¬ 
pound^ may differ in pha^. Thus the middle and eastern lobes of the 
Krimmlerkees, Venedig group^ were advancing tvhile the sveatem lobe was 
receding^and the middle of the Suphellebrae retreated 32 m between 
1899 and 1903 while one side remained stationary and the other lengthened 
42 The presena Glacier and GaiKbergfemer of the Alps have revealed 

similar variations^^^ and Hofsjokul] and other glaciers in Iceland have recently 
furnished further inslances^^io Baltzcr^^l ^^ght by such moongmcncc to 
explain the small advances and retreats of neighbouring Pleistocene glaciers 
on the Swiss Plain. 

These happenings may be due to the lag in response to tlie climatic varia¬ 
tions (sec beIow)j the range in altitude of the snowfields^^ or to orographic 
factora ,^-3 such as narrow passes^ gradient or aspect, as in the 

Mont Blanc group. Other factors arc ilie relative position of the snowline 
and the level of maximum snowfaJl,^^^ penetration into zones of marked 
ablation,surface debris, possibly from landslides (since such debris makes 
a gbcier less sensitive variations in the snow-cover w^hich protects the 
low^er end from melting and induces secondary osci Nationsavalanche falls 
of unusual size of tlie 94 Alpine glaciers reported upon in the sixth annual 
report of the Glacier Commission, the only one (Bqveyre Glacier^ Savoy) 
then advancing had experienced exceptional avalanching. An occasional 
glacier is advancing even during the present pronounced period of retro¬ 
gression^ The western Alps with their steeper relief have produced more 
such examples than have the eastern Alps during the recent rctreat.^^^ In 
Spitsbergen, %vhiJe the present warming has caused a recession of the lower 
glaciers, the accompanying rise of precipitation has caused an advance of high 
snowficlds. 52 ^^ This is true also of lccland.S 30 

^ tributary may advance "mechanically" (unconnected with climate)^ 
following the retrj^t of a trunk glacier and the removal of its damming 
action. Several glaciers, usually separate^ may cause an advance by 
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becoming confluent and increasing the ice-depth, the expansion being aided 
by the augmented snowfall induced by cooHng*^^^ retreat may be oc¬ 
casioned by glacial capture(see p+ 333) or by stan^ation induct by an 
ad^^ce of other ice*^^ 

The depth of the sea in front of a tidal glacier^ as in the Barnr' Glacierp 
Alaska, may be reduced by morainic deposition. This^ by curtailing the svtb- 
surface melting of the ice, may allow the glacier to move forward over its own 
sediments.-^^ 

SusceptSbilitj' varies with the length and velocity. It ia highest in glaciers 
w^hich are not restricted at the passage from fim to tongue and have large, 
steep fims and shorty narrow tongues short sensitive glaciers record 
numerous oscillations. 

According to Richter,^^^ each glacier has a critical period of response which 
depends upon the shape of the outlet from the fim: the freer the egress, the 
more continuous is the flow. Since the shape varies, each glacier has its 
own time for transmitting the variation. In Richter^s opinion, snow accumu¬ 
lates in the fim up to a certain limit when the oudet^s resistance h overcome. 
Flow then continiu^ until the drain on the nevd exhausts the excess. ITie 
movement^ once started,, may go on quickly until the extra load is discharged 
and a state of quiescence is again attained. This discontinuous or inter¬ 
mittent flow^ harmonisc-s with tlie rapidity and shortness of the advance, com^ 
pared with the retreat phase in each c}'cle, as early discovered^^^ andaftenvarda 
confirmed.^^^ Thus the fim of the Vemagtfemer^'^ is peculiarly basin- 
shaped and lies behind a step 60-80 m high. So long as the basin is not 
filled^ it continues to collect great masses of snow for a considerable time 
(H. F. Reid's reservoir without appreciably influencing the tongue* 

When full, the press of snow overcomes the friction and compels a rapid and 
strong outward flow which continues until the excess is relieved. The glacier^ 
therefore, might be able to accommodate the precipitation of two climatic 
maxima which would escape in a single great advance. Hence glaciers, like 
the Vemagtfemer and Suldenfemer, which are constricted below the outlet 
of the fim, are not so well suited to determine periodicities as are broad glaciers 
without such constrictions. 

Experimentsshow that a certain minimum pressure is necessary to 
cause fio^v and that this, once begun, proceeds rapidly under diminished 
pressure. The pressu re wh ich is not uniform varies the i ntersti rial solution ^43 
and consequently the fluidity' of the mass. The starting of the flow is a func¬ 
tion of rising temperature and pressure and its continuance one of localisation 
of maximum stresses with relief by thickening the interstitial film. A glacier*s 
repose may be destroyed by adding unlimited lubricant either along shear- 
planes or at the sole so that it moves like a ship from well-greased stocks*^ 

Hess ^^45 supporting Richter's view, caladated the Stammvkel and co¬ 
efficient of sensitiveness”. According to him, the departure from the Alpine 
periods which glaciers in high latitudes exhibit is due to tlicir flat fims and 
long tongues, i.e. their small coefficient of sensitiveness. Great length too 
makes Himalayan glaciers relatively insensitive.Glaciers which pour 
through constricted valleys from the continental ice of Greenland are in this 
respect more comparable with Alpine glaciers than is the Antarctic ice which 
h generally not so confined and therefore moves more slowly. 

Richter’s view has been strengthened by observations in Spitsbergen,^^ by 
experiments on ice-cylinders^^ and, as Richter^-*^ himself was aware, by the 
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icc-^vaves which travel along glaciers during periods of advance (see below). 
Observations on the OeiztaJ gJaciers^^^ suggest that excess precipitation may 
act Jike a hydraulic ram and that basal friction induces rhythmical oscillations 
of acceleration and retardation. 

Foreh^^^ who was the first to formulate the laws of glacier-variadonSp 
opposed Richter's view, finding confirmation in a mathematical study by 
L. de Marchi.^^2 He believed in continuous flow and in a glacier's immediate 
response to increased snowfall with a progressive thickemng that advanced 
valleyivards. Variations in the firn w ere periodic and virtually simultaneous 
in all the glaciers of a particular region although, as early noticed^^S 3 the time 
a wave took to reach the snout (Forers retard de ia p^wde) varied with the 
glacier and depended upon its length, akitudep gradient, shape of the vaJIev, 
and size of the fim-basin (E. Rambert's voyage du gtaeier^^), 

Reid ,555 adopting an intermediate course, pictured a glacier a$ responding 
not by the progression of a wave but by a change over its whole surface, 
though the change could not show itself by reversing tlie phase until it had 
accumulated enough to carr>' the surface up to and beyond the equilibrium. 
Gilbert 556 sought to show that an alteration in the same meteorological factor 
or factors might simultaneously modify glaciers differing both in amount and 
in algebraic sign. 


Waves of intum escenc Glacier variations are less si m pie than thought 
hy Ford 55 ? who, in essaying to fix their laws, concluded that, as exemplified 
by Swiss glaciers, they were due to a change in volume and not in form* 
Refined measurements demonstrate movements affecting form as well as 
volume, VIZ* the passage of weaves of intumescence (Finstcrwalder's Sfhvel- 
luttgsieeHea^^^j through the mass,559 Xhe greater accumulations above the 
lowered fimlinc and the lengthened stream-lines necessarily make new addi¬ 
tions below this line. The vyaves travel down the glacier, widening it to dam 
glacier-lakes, as in the St^ Elias Range, Alaska, and ultimately lengthening it* 
At the snout, live ice overrides dead ke 5 <M> and upper layers move over lower 
on<^ along definite planes. A tributarv^ may override a trunk glacier or 
cascade on to it; it may also deform the median moraine. 5 *i The advance 
of the end^ heralded by a thickening of the upper regions, is due to the arrival 
of the vvave. *4 small expansion of the transverse profile propels the snout 
disproportionately and causes the glacier to ^* run away "—advances of the 
snout by amounts of up m 76 m per day have been recorded. 5 ^^ This w’as 
showTi by loral and Richter. S. Finsterwalder, formulating it mathe- 
matically, demonstrated that c^ilktions took place %vithin a space which was 
limited by the surface of a stationary glacier at its ma^cimum height above and 
min I mum pcsittcm below. Ihc longitudinal profile becomes convex up^vards 
during an advance but fiatteiia and becomes even concave during the receding 
phase; the surface then smbs, the margins fall in, glacier-caves collapse and 

cre\^es become finer and shallower. ’ 

Ihc maximum length and greatest cross-section of the tongue are dearly 
not a,inuluneous.s« The upper part may be already dedining when the 
wave attains the snout as noticed by A. Eschcr in 1841 on the Alctsch Glacier 
and by later workers m the .Arctic and on the Vcmagtfemer.s« As a corol¬ 
lary It follows that a glacier does not rise to the level of its lateral moraine at 

^hort duration. 

su J as the yearly oscillation, may be on their way to the tongue, 

1 he enlargement of volume during the passing of a %vave j*® is very con- 
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siderablc^ ^ in the Savoy^ but becomes less towards the close of a retreat. 
The Glacier du Tour, for instance, increased annually betn-^een igt t and 1920 
by S "5 million cu, m and the Allalin Glacier between 1915 and 1929 by 
4'4 milJion cu, m.^®^ 

The wave, much magnified in glaciers with narrow tongues contrasted with 
the firri-ba$in3^ swells towards the snout^^^: in the higher parts the rise is not 
a wave but a movement carried by the whole mass,^^^ Its ’velocity of pro¬ 
pagation, as analysed mathematicalJyp^™ h many times the rate of flow; it was 
20-150 times on the Hintereisfemer^^^ and amounted in AJa$ka to as much 
as 24 km/annum or 60 m in one day, Le, a movement which can be detected 
in one minute's obser\ation. The Black Rapids Glacier of /ilaska—the 

runaway glacier^' — rushed forward r. 5 km in 1936-37. Nevertheless, 
the flow is raised simultaneously.^^^ Thus the advancing \’'emagtfcmer at 
the beginning of this century,^'^^ which advanced explosively in 1848 by 
500-2000 m, increased its flow to 2S0 m/annum though the average profile 
rose only i m — a measurement in 1845 gave a mte of 1*9 m/$econd.^^"* A 
glacier advance is, therefore, as in the Oetztah^^^ heralded by a big addition 
to the rate of flow. 

This fumJshes the key to the observation, often made, that the flow is higher 
during an advance than during a retreat, and explains why periods of advance 
are usually shorter, probably about twice as short,a$ those of retreat. 
Incidentally, it shows too that we can only have a true conception of the flow* 
of a particular glacier ^vhen measurements extend over a sufficient number of 
years to embrace both an advance and a retreat phase. It reconciles too the 
apparently conflicting daily velocities which have been recorded from one 
and the same glacier at times widely separate, such as the c.zm and 12-21 ^5 m 
reco*'ded for the JVluir Glacier, Alaska,^^ 

These waves accord with F+ Hoppler^ experiments^^® which showed that 
the apparent viscosity was a function of the applied shear stress, the tempera- 
ture and the crystal orientation, and that at a constant temperature of — i^C 
an increase in the shear stress from 10 to 63 kg sq. cm reduced the apparent 
viscosity by a factor of 200. 

Seismogeue oscUlations. Alaskan glaciers, including the Makspina 
Glacier and those of Yakutat Bay, provided a special case of waxing and 
waning at the opening of this century.^^^ During their spectacular sally 
(spurts of up to 2 km in 19 months were registered and in some cases^ c.g. the 
Altrcvida, Haenkc and Variegated glaciers, the complete t^cle w-as accom¬ 
plished in c. I year) the ice-surface was profoundly transformed bycrevassing 
and massive breaking (the"" troubled surface of a glacier flood; the glacier 
ends were greatly thickened (at least 60 m on the Altrevida G lacier seo) and 
expanded in the piedmont bulbs; marginal valleys w ere closed up; and alluvial 
fans were overridden. In the succeeding lO years icebergs became far more 
plentiful. This phenomenal advance w as folio wed by retreat and stagnation * 
that differed in abruptness and intensity from those of a normal cycle of 
precipitation. 

Tlie advance resulted probably from the severe and repeated earthquakes 
of September, 1899, which took place along a series of lines parallel to the 
shores of Yakutat Bay fjords.The seismic avalanches'' shook down in 
the gathering grounds unusual quantities of snow. The different behaviour 
of the various glaciers to the disturbance in the budget balance was related to 
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their lengths, tlie IcxMil intensity of the shocks, the quantity of snow available 
for avaJanehing, and the steepness of the rock-walls. 

In Alaska the lofty mountains, steep slopes and heavy snowfall were 
especially favourable. Seismic disturbances have, however, affected avalanche 
frequency in the Alps.^SJ Gietroz glaciers, and in the Cau- 

casus,*84 and have given rise to large block tnorainea in the Canadian 
Rockies^®* and to excessive debris on some glaciers in the Pamirs.^®® They 
may also have been responsible for the dead ice of certain areas 5 S 7 ; for 
Alpine block glaciers^®*; and for the laige oscillations in North-East Land 
(possibly) or in regions like the Himalayas and Karakonams which are stilJ 
subject to faulting and seismic disturbances,or Turkestanwhere the 
steep and high walls above the glaciers arc especiallv favourable (see p. 33). 

Seismic avdanches arc a tlioroughly justified adjunct to the normal theory 
of glacier oscillations. Since their process is strictly self-limiting, it is quite 
erroneous to extend their application, as has been done,^®^ to explain the 
Glacial period it^lf or its oscillations, or to attempt by their use to reconcile 
the multiple glaciations of the Alps with a single epoch in nortli-wcst Europe. 
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{B} SEA-ICE 
Chapter VII 
TRANSITION ICE 

TKe Antarctic continent, an fcc'shceted land girdled by a wide sea, has a 
much severer climate than the Arctic as isotherms rcveaJ ^; within the 6oth 
ParaJleh its summer is more than io"'C coJder* The pobr position of the 
land-mass, its great average height, the low t'apour content of the atmosphere 
which reduces clouds to a minimum, and the high reflecting power of the 
snow and ice conspire to make the Antarctic a vast refrigerator. By contrast, 
the expansive land-locked sea of the Arctic is penetrated by relatively ti'arm 
ocean currents from the south and its glacierised lands are mostly islands and 
generally too small and too low to influence the dimate markedly. 

North of 60"^ N, Lat. there live more than one million human inhabitants; 
south of 60® S. Lat* there arc none, nor is there a flowering plant or a single 
land animal larger than an insect. The Antarctic Cold has also important 
glaciological consequences. It depresses the snowline, slow^s dow-n the ice- 
flo^v, and retards the conversion of snow- into ice—.Antarctic gbeiers and bergs 
have small granules (see p, 33) and have undergone few structural changes. 
It compels the ice to spread as far as or even bey^ond the limits of the land— 
in the iVretic similar conditions arc only to be found in Franz Josef Land 
where low temperatures are combined with ample supplies of moisture from 
the Nordi Atlantic Low ” (sec p. 84)^ It has generated special kinds of ice l 
ice^domes on the small islands and coastal shelf-ice and floating glacier-^ 
tongues. While, therefore^ the Arctic presents a strong contrast between Ice 
and w'ater which turns rapidly in favour of the water at the ice-edge, the 
Antarctic presents a transition from ice to oceanic conditions. 

Shelf-ice, floating ice-tongues and ice-foot should be considered w'ith the 
land-ice to which they more properly belong (see p. 72J, It is+ how^everp 
more convenient to treat them as neighbours of the sea-ice with which they 
commonly associate. 

Shelf-ice. The term shelf-ice w hich O. NordemsklSld ^ introduced for the 
ice of King Oscar 11 Land {Ferrari called it “piedmont aground” and 
piedmont afloat*^ and others'* Meergkischfr) covers the most important of 
the transitiunaJ masses, transitional in their position and in the fact that they 
float like sea-ke but like land-ice stay in place or move vtry slowly* Some 
authorities,^ including the United States Board on Geographic Names,® prefer 
the name shelf-ice, ^ough other glaeialists? prefer the older name barrier 
which has always had an areal significance, e.g. Ross Barrier and Filchner 
Barrier. Except for these tw'o the term ahelf-ice is now generally adopted* 

The total area of the .Antarctic shelf-ice, which varies frem year to year, 
was calculated at 930,910 sq* km in 1948® when the major units had the 
following areas (in square kilometres); off Ncu-Schw^abenland, 16,272; Ingrid- 
Christensen shelf-ice (Mackenric shelf-ice), 12,672; West Ice (Dry^^sld 
shelf-ice), 28,944; Shackleton shclf-iccp 39^014; Lady Newnes shelf-iee, 
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4610; Drygalski foreknd-ioe> 2736 * Ros® Barrie 487, 826 ; Sulzberger shelf- 
iccp 12,672; Getz shelf-ice^ 20^004; Wilkins shelf-icep 16^992; George VI 
shelf-ice* 28,234; Wordie shelf-ice* 432; Nordensklold and Larsen shelf-ice, 
102,960; Fikhner Barrier, 165,454 ; Stanconrib-Wills shelf-ice, 2888, 

The Ross Barrier or Shelf-ioe* described by Sir J. C. Rms® in 1S47P was 
the fin^t example to be discovered. This most distinctive of Antarctic 
features (fig. 37) stretches in Lat. 77-78^ S. from South Victoria Land to 
King Edward VII Land, a distance from east to west of some Soo km. It 



Flo, 37- Map R™ Banicr. F, Dcb«ilwn, C. J. i la, 194B, p. 1^7, fig, i. 


extends backwards to 85^ S. Lat. through almost the same disfimee (650 km) 
to an inner bound^ which Scott, Shackleton and Amundsen delineated in 
the west (South Victoria Land) and south (Queen Maud Range) and R. 
Byrd and L. M. Gould discovered in the east where King Edsvard VII Land, 
Rocki-FLller Plateau and iVIarie Byrd Land hem it in.^t aj^ [g. roughly 
the si 3 e of California or France, or of the North Sea from the Straits of 
Oover to a line joining the Orkney Islands to Bergen, i.e. 700^000 so. km or 
over 250,000 sq. miles.^^ ^ 
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Its surface, as the I}i£i!o^£ry (1901-3) first proved, is a featureless plain of 
dead monotony; the average height has been estimated at 52 or 70 m and 
over the joc-km stretch south of Framheim is only 60 mM On the north 
it breaks off in a straight and regular white cliff which forma the southern 
navigable limit of Rosa Sea and so provided a "barrier” to Ross in his quest 
for the South Magnetic Pole. The Bamcr is dissected at its edge by vertical 
joints^'* due to tidal strains and alternate expansion and contraction induced 
by temperature variations. 

The shdf-ice, as Its face reveals, consists of compressed snow and stratifiedt 
compact nev-Cj whose grains grow and interlock downwards more intimately*^ 
as the result of mechanical settling and compaction without melting—there 
is in consequence no orientation of grains. The density increases downwards 
and attains a figure of 0-5-0-6 at a depth of c. 6 rn^^^the density in the 
Maudheim shelf-ice increased logarithmically from 0-45 just below the sur¬ 
face to o Sz at 60 m and o-8S at too m, the increasing densipf below 60 m 
being entirely due to the compression of the air bubbles^ I he strata 
horizontal and even, though the upper ones curve slightly to conform w^ith 
the surface inequalities of the drifting snow,^^ The strata varj' considerably 
in thickness in short horizontal distances. Save near the pressure-ridges in 
which the firn has locally been converted into glacier-ice^ no solid ice is visible 
above the waterline. Yet since the shelf-ice is partially fed by outlet glaciers 
e.g. those of South Victoria Land (Skelton, Bame^ Shackletoni Bcardmorei 
Reeves^ David and Ferrar glaciers), its submerged base may be ice (see 
p- 171). Its relatively light structure is confirmed by the density of its 
accessible parts and by soundings around stranded bergs w-hich have broken 
away from it. 

Its northern strip is afloat*^ and r!se$ and falls with the tide. Tidal cracks 
and hingc-lines extend some distance back from its face, as around Mount 
Terror and White Island and Ln the region of the Bay of Wliales*^~abng the 
tidal cracks parallel with the edge sea-w'ater freezes and+ process being 
repeated, causes " hay cocks " or domes of ice to form at the " breathing hol^ 
from the ^varm air and vapour from the freezing sea-T.vater. Ridges or 
crevasses are absent, unless the Barrier locally rests on the sea-bottom, as 
between latitudes and 82° S. on the 175th meridian^ or where the irn- 
pact of the outlet glaciers has piled up huge pressure-ridges which grade 
into low^ rolls and open folds concentric about them and 3-5 m high the 
ridges in front of the Beardmore Glacier extend for fully 32 km mto me 
Barrier.22 MoreoveTi its movement {see below) is laige compared 
measured rate of motion of the glaciers and is not differentia] m depth ; its 
face has rapidly retreated since 1841 (see p. 179)* temperature rises in 
the fissures and shafts as the water under the ice is approached ; and 
currents flow in and out beneath the ice,^ This conclusion is strengthened 
if the Barrier^s height is compared with the depth of Ro^ &a immediately 
below. The shelf-ice is extremely tenuous compared Avith its area (like a 
sheet of paper floating upon water"). Its height varies from place to place 
and time to time between 2 m and 85 m and averages pcrlraps 24 m, giving a 
total thickness at the seaward edge probably much le^ xhm the figure of 
220 m mentioned in the Shackleton memoir.^ though this may be more 
than equalled m the south^? —G. Taylor jud^d its avera^ thickness to ^ 
c. 300 m. Seismic soundings have given figures of 16^200 m.- In 
general the height near the edge is 10-15 »*y, 1000 m 
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from the edge, the difference being due to the more rapid melting of the base 
of the barrier at the edge+^^ The shelf-icc may be afloat over an area some 
five times that of the southern part of the North Se^ though it is grounded 
about 10 miles (16 km) south of the edge m the area of the Bay of Whales^ 
(fig. 38; pi. Vb, facing p. iiz). 
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That the shelf* ice is moving forward is proved by pressure rolls and 
crevasse systems of the piedmont glaciers and by the Darrier-face which has 
not changed vciy^ materially thb century^p although icebei^ are breaking 
away continijuusly. Yet its rate of movement over the almost frictionless 
surface of the sea beneath has rarely becji ascertained. Off iMina Bluffj^^ it 
exceeds t m/diem (or 356 m in 13;! months) and may be many times this since 
the measurement was probably not taken in the line of maxinmm flow, 

Debcnham^^ deduced a figure of 4^-5 m/diem for much of the face by com^ 
paring Scott's survey of 1902 and 1912* while Hess,^^ from published maps, 
found It varied between i 7 m and Z'9 m, though the total width of the outlet 
glaciers compared with the Barrier’s height gave 5 Measurements 
around the Bay of Wliales prove a daily flow of 2-4 m.^ A velocity of this 
order, also demanded apparently by the number and size of the Antarctic 
bergs which calve hcre^ may be explained by the relatively high temperature 
of the baseA^ estimated at r. — 2^C where sea-water laves it. 

The flow in the north-east is severely handicapped by islands and reefs* 
proved by seismic soundings A*® including RcKjsevelt Island which rises about 
30 miles (48 km) south-east of Littk America to c. 260 rn and is capped by 
c. 16S m of ice^^ and causes the Bay of Whales to form in its lee. The flow is 
Compounded* in roughly equal proportions,of the thrust of the active outlet 
glaciers and of the movement due to the flattening and outward extension of a 
thick mass of ice under its own weight. The effective water circulation 
below may not be without its influence. live ice-aprons of the outlet 
glaciers are doubtless prolonged as ribs running for relatively short distances 
through the lower level of the shelf-ice and forming thin floating piedmonts, 
knit together and masked by surface snows deriv'ed from wind drift and local 
precipitation.^ Vet w^hile the shelf-ice towards its seaward edge may overlie 
the buried ribs or brackets, since flat-topped neve bergs, w ith a base of land* 
icc* have been sometimes seen,*^^ it is more likelyA*^ vicw'of theever-increaajng 
load of snovvs and basal meU ingi that the w hole of the north cent m l section 
is a secondarv product*^^ composed of neve only. This likelihood is rein¬ 
forced by the comparative absence of large erratics from the floor of Ross 
Sea."*^ Pits sunk into the sheff-ice show that $*5 of Am accumulated 
bettveen 1940 and 1947* that rccr^'stallisation has not occurred to a depth 
of 11 m and that differential motion to this depth docs not cxist.'*^ The 
average density of O 84 may be reached at r. 30 m by compaction. At a depth 
of 41 m the temperature w as nearly constant at —22®C.^^ 

Origin. I’ht history and origin of the Barrier* as of other shelf-ice, 
are not definitely known. A relic fpm the Gbdal period-** and an offspring 
of parents long since disappeared, it may owe its existence to snows drifted 
upon an original sheet of sea-ice or a piedmont of glacier-ice‘* 7 —in barrier- 
bergs the stratification of snow layers or bands extends dow^iwards to about 
30 m from the surfaceor to floating ice-tongues expanding and ojalesemg 
in the back of an indentation to form rafts, cemented by interstitial sea-ice 
and intervening snows,« The yearly excess of snowfall over surface-loss 
averages 33 cm of hard snow or 20 cm of solid jce.*® Shelf-icc may anse if 
snow' falls during successive seasons on bergs and sea-ice, as m the case of 
West Ice (Wetteis) of Kaiser Wilhelm 11 Land (sec below), or on sea-ice 
alone 31 eg the Weddell Barrier* either on a very cold lee shore tvhose 
hinteriand is not extensive enough to provide glacier-ice (as m the lets of 
Posadowskv Bav in Kaiser Wilhelm 11 Land), or on a coast like Graham Land 
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(Larsen shelf-fee) which is bordered with islands and shoals which give shelter 
from sea-ice. Similar d'appui are associated with Shackleton shdf-iccp 
King George V Land, and the shelf off Ellesmere Land (see below), and 
occur under Ross Barrier and produce pressure waves on their inner aide and 
crevasses round their edge* This view was put forward for the Antarctic 
bergs by early explorers,-^ including Ilooker^^ who regarded Ross Barrier as 
solid pack-ice which w'as covered with snow from year to year and gradually 
sank. E. Philippi^ criticised it because transitions to sea-ice are unknown 
and the Gauss Expedition found that basal melting liitiited the thickness of 
such ice. 

Drygalski s H fsleis^^ is an agglomeration of bergs and pack-ice, 6000 sq. km 
in extent. Stranded on shallows and densely packed, it has been w'elded 
together by and shrouded in drifted snow. Its uneven surface, in places 
^aotfe and stagnant, terminates in a vertical face up to 20 m high. Sound¬ 
ings and perceptible v'ertical move ments show that it is afloat. It may be a 
Pleistocene relic which has thinned and begun to swrm but has been pre¬ 
vented by shallows from floating away.^ 

Dry^galski s Bhueis^ is made of bergs and drift-ice, rounded, smoothed 
Md jK)Iished by the wind and cemented together by freezing sea-water and 
drifted snow. Its outer and more humid 2one is channelled by melt-waters 
and pass^ ^rough a transition stage {Blmi-Murbeis} into porous ice (Murims)^ 
1 he shelf-icc of the Gaussfield differs from Ross Barrier in its passivity {it 
mo^es only by extemaj force)^ It is not replenished by surface snow's but is 
situated in a region of ablation 

FUchner Darrier,^® discovered and described by W. Filchner occupies 
southern portion of Weddell Sea south of 69® S, Lat. Its edge is at 
4 S® Elites (725 kra) long and 10-25 ^ high. Deep water, averaging 
300 fathoms (f* 550 m) and immediately beneath, proves that it floats. The 
Larsen Shelf-i« (Lower Ice Terrace of O. Nordenskidld) occupies the 
w^tem part of the sea east of Graham Land.^ It extends as a belt 16- 
t6o km wide from near tho tip of Graham Land (bf 45' S.) for about 1000 km 
u smaller ice-shelfs occur to the south* The narrowmess of die 

in this diction js probably partly due to lessened precipitation and 
n ^ direction of the east to west current in the 

edddJ Sea at ISjan^ckct Irfct ITic edge of tht Larsen shelf-ice seeins to 
have changed little, if at all, in the last 50 yeare. 

Shelf-ice, l^ides the ma^es just mentioned, has been obscn-cd^i near 
King Osc^ II I^d; by Crok and BIscoe west of Kemp and Enderhv Lands ; 
no^-e^t of lyng Edw^d VII Land and north of Neu-Schwabeidand; on 
Peter I Land ; in king George \l Sound, Graham Land (including Wordie 
Slwlf-ice). where it is 915 m thick; in Western Dronning Maud Limd where 
^ ^ 303 m/annum (sec above); and as the Stan- 

comb W iHs Promontory on Coats Land, a remnantof a vast sheet that formerly 
covt^red this region.^ \Vhik^ precise eirtcnt of aU ahelf-ice is not certainly 
knovtn. It ta next to Ac inland ice Ae most extensive of all ice-types, its distri¬ 
bution being related to latitude. In Ae . 4 ntarctic where the Aelf-ico has 
provided stations for reverb exp^itions, e.g, Bay, Ross Barrier (mii, 
1929, 1934, 1940), ShacUeton Shdf-ice (1913) and Queen Maud Shelf-ice 

sq. km« (see p. 167). In marked 
contmt, shetf-ice is alm^t unknown m Ae Arctic. 'Phe “glacial fringE" 
of Ellesmere Land and north Grant Land« which offers cer^n 
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analogic^ and may be classified with it. forces its way over a shallow 
and fairly level sea-bottom and is parted from the polar pack by a $hoa* 
lead or tidal crack, ft gives birth to low floebergs, up to 30 m thick, to 
palaeocrystic ice, and to “ice-islands” which, many kilometres in length and 
up to 75 m thicks have been recorded in considerable numbers especially 
in recent years.^^ They have gently corrugated surfaces with scattered 
patches of mud, sand and bouldeni (deriv^ by freezing at the base), 
originate by breaking off at high tide and with strong winds, and drift at 
the rate of about i -i-i-z miles (c, 5™ ^^7 over the Arctic Ocean and 

into the several channels of the Canadian Archipelago. Other ice-islands^, 
up to 700 square km, in extent, have been seen recently by Russian ex¬ 
plorers and may explain the “lands” reported by earlier explorers^ such as 
Sannikov Land and Andreyev Land. Shelf-features occur in Novaya 
Zemlya^ and others possibly in Franz Josef Landand on the north coasts 
of Severnaya ZemlyaA® 

In Yokel Bay, north-east Greenland, bettveen 78®^ and Sz® N. I^t,+ a 
floating mass^ 40 km broad, covers several thousand square kilometres. It 
rises and falls with the tide and moves fonvard into the sea as its crevassed 
hillocks and wavy surface prove,Unlike the Antarctic shelf-ice, which it 
superficially resembles^ it eonsbts of true glacier-iee. 

Floating ice-tongues. Other features of the .Antarctie littoral are the 
“ Boating icotongue^*^^® Shackicton Shelf-ice,^l the biggest of these longi 
narrow and subangular peninsulas, probably floats for i6o miles (tf. 260 km) 
of its length and extends aoo miles (320 km) from east to west and iSo miles 
{f. 290 km) from north to south. That the tongues are afloat is shown by 
their tidal rise and fall^ by soundingSt by their steep and high sides, by their 
rare crevasses, and by cracks in the adjacent sea-ice,^^ Their surface w'hJch 
may be ai 45 m i& convex, except at the distal end which is horizontal and 
afloat. The plan is triangukr, due to later^ calving,^^ but is rectangular if 
the flow' IS considerable, as in the Nordcnskiold and Maekay Ice-tongues. 

The longues are maintained by direct snowfall and by glacier thrust from 
behind. 'I'he single velocity that has been measured show^ that the IMackay 
Ice-tonguc^"^ moved forward during the summer 115 cm^diem: the rolls in 
the tongue may be due to this movement. Since the tongues arc floating and 
rest on virtually frictionless bases a negligible dope causes ice-flow. 

'I he chief examples in the Antarcticare Termination Ice-tongue at the 
western end of Wilkes Land (in 1931 it had broken up into a number of 
grounded bergs™), Shackleton Shelf of Queen Mary Land, Nordenskidld 
(37 km long) and Dn'galski (64 km long) glacier-tongues of South Victoria 
Land, Sir John Murray Tongue, Dugdalc and Denham Ice-tongues, Mertz 
and M innis glacier-tongues of Adi lie Land {80 and 140 km long respectively) j 
and the ice situated west of Vahscl Bay off Prince Regent Luipold Land. 

The floating terminations of several glaciers may unite into “confluent 
ice”.^ These floating equivalents of the piedmont glacier bear the same 
relation to this that the floating ice-tongues do to the expanded-foot glaciers. 
They are relatively unimportant and practically restricted to the Antarctic^ 
arctic examples being knowm only from Spitsbergen.™ 

Although glacier-ice in the .Antarctic descends into the open sea in but few 
places, evety vigorous glacier (and many which are not) is able to maintain 
a floating extension-- Hut ihese floating ice-tongues, like shelf-ice, arc rare 
in the Arctic; for the meagre precipitation, more rapid shore-currents and 
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positive summejr temperatures are inimicalThe latter, moreover, prevent 
the healing of the cre^^asses which open between the floating and fi\ed posL- 
tions< Hence, tongues of this kind can only exist in arctic glaciers w'hich are 
not creyassed in this position, i.e. those which have a low gradient and dis- 
charge into fjords, densely packed with permanent sea-ice,**'^ Examples are 
'he Ryder, Steensby and Petermann glaciers®' (the Petermann’s outer 40 km 
are afloat although the edge is only a-y m high), the floating ice-mass in the 
Xordenskiold Fjord in north Greenland®^ and the hammer-shaped masses 
in the icc-fjords of Severnaya Zemlya.®^ The Turner Glacier,M Alaska, 
may belong to this category . 

Ice-foot. The ice-foot was noticed in polar regions by such early explorers 
as J- C, Ross, E. K. Kane and C. Nates, It has been described and pictured 
u Greenland in which country it was known to 

the Danish colonists as tsfod^ a term which Kane®'' first translated into 

icc-foot”. The type passes into O. Nordenskiold’s “ice-foot glacier”,®® 
Arctowski s slope glacier” or “suspended slope glacier”,®^ Gourdon's 
. pt^dmont glacier and Moltedahl's “strandflat glacier” and “Antarctic 
ice-mantle typc”>i 

1 his low, flat terrace skirts the polar coasts more or Jess continuously j'ust 
^ ® (pi. V'IIb, p, igaj. It surrounds islands and stranded bergs 

and frmgea qui« glaciers which arc aground and the edge of the Antarctic ice- 
sheet,^ Its nbbon of ice, firmly frozen to the ground, follow’s the coastal 
undulations, serving as an excellent and favourite winter highw'ay for the 
Eskimo s sledge journeys. Its level top marks the highest tide of the yeas’® 
*^’**^^? R is especi allybroadonshores which arc protected, 

^ by off-Jying islands, from the crushing activities of sea-ice In Kane 
Basin Jt IS ioo ra or even several kilometres broad ’5 h very narrow on 
«ecp and rrcky cliffs which rise from deep water; in many localities in north 
Greenland it is only 0 5 m broad and on vertii^ and very exposed co^ts may 
be quite w^ting. i hq outer edge falls steeply or vertically towards the sea- 
i« and coincides with a tidal crack along the line of ebb tide. On gently 

^ wide, the transition to floe-ice is 

scarcely perceptible and there arc many tidal cracks. 

. ice-foot approaches glacier-ice in structure but is distinguishable by 
Its larger air inclusions, its salinity and often bv its regular stiatffication.« 

This t^sition ty^ ^ of composite origin.^T " Drift ice-foot” is fed by 
snow drifting from the land and is greatest on lec cliffs and glaciers. Being 
^ last to grow the first to disappear it is the least persistent. ” Spray 

!a1^**m3v sea-water, notably in heavy w'ealher, when 

islets T^) ^ capped with ma^es of jce soaked by breaking spray. It is ven’ 

thmS'Uf ™ ^ ke-faot and winds and tides 

Arust them over one another.” Dnftcd snows and frozen spray fill and 

cement the mterv'eoing spa^ so that the whole is consolidated and smoothed 

ft-"™ low-water mark, each 
receding tide leaii'ing its congealed encrustation.'''' This “tidal platform 
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ice-foot IS accreted roughly through the tidal range and is best developed 
where this is considerable^ as in Bafiin Land. It may lire a quite vertical 
cliff and may be sensibly added to on shallow coasts by anchor ice at its lower 
edge. On the free and open coasts of the j\ntarctic its breadth, governed by 
coastal configuration, may be 90 m. 

"'Storm ice-footwhich is exceptionally high and overhangs seaward, 
forms during ht^yy swells in the Antarctic but is unknown in north Green¬ 
land* Melt ice-foot projects from bergs aa a submarine extension. 

Auxiliary' aids in building up the ice-foot are mists and ice-ctystals w'hich 
frcL*ze on to rocks. Breccia and pack-ice material are important additions 
on bergs. 

The ice-foot proceeds the formation of searice and sunives the di^ppear- 
ance of this ice but is only permanent if the summers arc cold, as in north 
Greenland. It melts rapidly in springby waters from the land which 
erode deep gutters along its edge, by w^arm sca-wator which undermines it 
and by the sun's rays, aided by grit blo^vn out by the wand. 
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Chapter VIII 


DRIFT-ICE 

Drift-ice may be usefuny subdivided into icebergs and &ea-ice. The first 
is land-ice which is discharged into the sea (very subordinately it embraces 
river-ice); the second arises when sea-walcr freezes- 

I* Icebergs 

Arctic bergs are usually bom in glacier-bearing fjords^ H, Rinkl dis¬ 
tinguished such ice-fjords (ihfiorde) from stream-fjords (sirdmjiorde). Their 
appearance is rugged and irregular^ since their sides are crevasses or Joint 
planes; castles, churches, domeSp spires and columns are among the words 
commonly used in describing them. Several subtypes may be recognised.3 

Manner of calving. Calv-ing depends for its rate and amount upon a 
glacier’s velocityp thickness, slope and degree of crevassing^ and upon the 
configuration of the sea-bed. Since these remain more or less constant^ big 
bergs in the case of a particular glacier tend to break loose at approximately the 
same place: the greater ice-flow of summer and the greater freedom from sea- 
ice produee a maximuni productivity at this season. The manner of calving 
is, however, imperfectly knowTi since the event has been witnessed only 
occasionally and by feiv scientific obser^^rs.** According to the earliest con¬ 
ception, a glacier pushes out into the sea until its outer part, losing its support, 
breaks off by its own weight: Rink's observations on the JakobshavTi Glacier^ 
showed this to be erroneous. The fioating termination is more and more 
buoyed up, the upthrust producing tension and consequently basal crev^asses. 
Sm^ pieces are calved if, as on the north and west coasts of Nov-aya Zenilya^* 
a glacier flows into a shallow' and gradually shelving fjord. 

Rink's calving by upthrust is implied in the Greenlander's word igarpok 
C'lndined backw'ards’^): many glaeialists, including E. v. Drygalski, R. 
Hammer and A. Hclland, have recognised upthrust as a factor. But 
opinions differ as to whether a glader calves as soon as it leaves the bottom 
or only after it has moved a further distance. While Rink^ himself favoured 
the second view% DrygaJski ® thought that soundings and old water-lmes in the 
ice-face proved the alternative. In his opmJem, a glacier extends m summer 
slightly beyond this critical position but pack-tee prevents this in w inter—an 
advance of 2-3 km is, therefore, possible w'hen the winter-ice is dissolved,^ 
K. Steenstrup also held that a glacier's motion, aspect and crevassed and 
vaulted surface w^erc irreconcilable with floating. 

The crucial question in the discussion is whether newly calved bergs do or 
do not project above the gbeier's snout: projection, frequently afErmed,!** 
is as often deniedJ^ Some, doubting If it has been seen or proved, deem it 
possible only where, as in the Jakobsha^n Glacier^ bergs, especially broader 
ones, have capsized*^ or pack-ice allows the end lo advance unduly far.^^ 
Others contend that projection depends upon a berg's shape; a berg which 
widens dowtiw^ards projects, one that tapers downwards does not.*-* Bergs 
do apparently project in these ways as well as by tilting^^ and upward surge 
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by buoyancy after calving, the snout having previously been depressed aa 
tioted on the Great Karaj^ Glacier. 

Russel],from his Alaskan studies, concluded that an ice-toe juts outwards, 
in some cases fully 300 tn from the face of a gLicier below sea-level and calves 
by buoyancy and wave-action. Tarr,^* agreeing with Russell, pointed out 
that severe crevassing favoured rapid recession of the upper ice while waurri 
waters and waves, the latter generated by berg-falls, undermined the ice 
about the watcr-Hne. Observations on the Muir Glacier, on the other hand, 
led to the diametrically opposite conclusion,!^ namely, that crevasses^ under¬ 
cutting by the sea, hydrostatic leverage by tides, and the concentration of 
subgiacial drainage caused more \va$re below $e^-level. This com¬ 

bined with the quicker flow of the upper layers, led the latter to project for¬ 
ward. Crevasses facilitated the breaidng off of bergs when the overhang was 
able by its weight to overcome the cohesion at some point behind the ice-front. 

Dr}'gakki^^ harmonised these views in an analysis which revealed three 
ty^pes of berg, produced at different times in different localities, two of them 
previously recognised in west Greenland,The first are small bergs or 
pinnacles detached along crevasses and almost continuously from the higher 
parts of the face, a method stressed by Steenstrup and Heim^ and 
responsible, with the numerous fractures in the snout, for the vertical glacier 
face. These white "false bergs" of A, E. Nordcnskicild,^^ the Eskimo's 
jfiikarpok^'^ ('* falls down from something ”)p are most common on cre\^a5sed 
glaciers which flow rapidly or the sea undercuts. 23 They vaiy^ in size from 
small pieces to considerable bergs and calve at all temperatures and seasons. 
In the second t>^pe, bergs are detached, usually in summer^ under die sea 
and possibly from the base. They rise dripping and swaying from the 
water, capsize frequently^ but on fining their equilibrium fail to reach the 
height of the face. Since they spring from the debris-laden base^* they are 
usually blue or black in contrast to the first type. A calving of this kind 
w'as witnessed in w'est Greenland, and more than one locality on the east 
coast bears the Eskimo name Puhoriok^^ (“the place where something shoots 
tip*') — in the Meijclen See calving takes place from belotv.2& I'he third 
tj^pe comprises massive bergs^ split off through a glacier's entire thickness. 
They result from upthrust in deep water and begin with a slow rise of the 
snout and oomc to rest after calving and rhythmic oscilLation. This type is 
rare, except in the Antarctic (its existence is denied2^) for considerations of 
ice-flow and snowfall show that in Greenland at any rate bergs of these 
dimensions can only calve at long intervals. 

An easy gradual slope of the fjord-bottom, as in front of the Jakobshavn 
Glacier, helps to promote large bergs, while a glacier on a steep and uneven 
declivity suffers many interruptions to its flow and only s mall pieces float 
away.^® 

Antarctic bergs. Bergs in the Antarctic are more uniform than in the 
Arctic for they have almost altvays the same shape and the same structure. 
As Captain Cook^^ w'as the first to notice, they are massive and flat-topped 
and have precipitous sides and rectangular plan (pi. VII a, p, 192): some of them 
are dome-shaped,^^ possibly because they calved from surfaces which had a 
roll shape and melted more rapidly near the edge, or (in the case of those 
w'hich have stranded) because of plastic flow. These “ ice-islands", as Cook 
termed them, are more correctly speaking “snow bergs" for, unlike bergs 
%vhich calve from the dissipator^ they originate in the reserv'oir. Their 
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beautifully stratified neve becomes bluer and more closely stratified down¬ 
wards, the Inlenaity of the light making the greip^ sky behind appear di&tinctly 
reddened and the sea below dark indigo. The "black and white” and 
botde-green ” ber^ of the Weddell Sea quadrant owe their dark colours to 
morainic and wind-blown material. 

A berg's factor of fiotatlon la controlled by its shape (as W* H. B. Webster-^-* 
first obsen edj, since draught depends on and mt on height (see below). 
It is also cojitrollcd by the nature of its ice, the freight of rock-debris, and by 
the density of the water in which it floats. The ratio of emerged to sub¬ 
merged part in arctic bergs has usually been computed at 1:5 to 1:7,^^ i.e. 
the height above the sea, measured in feet^ roughly equals the depth below, 
measured in fathoms. Recent invesdgadons, conforming with tl’te fact that 
sizeable bergs drift in shallow^ waters as over the Grand Bank of Newfound¬ 
land or across the sill of Da^is Strait, suggest the following ratios^: 


Typtt 

/Vo^rtwFif 
{expoifd la 

Btocky, pircipitaus sides 

* T :5 

Rounded ^ - . . . , 

. 1:4 

Picturcaque, Grccoluid 

1-3 

Piimncled smd jridged . . , , 

. 1 zz 

Lost Plages, homed and ringed . , 

I :i 


Estimates are based upon the depth of the sea in w^hich bergs ground, upon 
the dimensions and proportions of overturned bergs^ and upon the density of 
the ice. Various figures of this have tjcen given but Bunsen's value of 
0-9167633 has generally been accepted since 1870, though recent observa¬ 
tions^^ reduce it to 0-8997. The results differ apparently because ice is 
subject to internal strains and forms under different conditions and at different 
rates: the density in Greenland has been given as 0-91 z, on the Rhone Glacier 
as o-SSo and in North-East Land as 0+875+^ River-ice also varies, at least 
temporarilyp in its density with its speed of formation/^ Discrepancies in 
bergs are introduced by cavities and crevasses, by aeration that may amount 
to 15% of the ice,^^ and by the percentage of fim which may constitute the 
uppermost layers even in an arctic berg. The theoretical density of pure ice 
derived from accurate jtieasurements of the lattice constant of ice formed 
from distilled water at o°C is 0-9168 g/cuHcmH Any deviation presumably 
signifies the presence of impurities including air.'*^ 

Observations by the International Ice Patrol (see p. 183)^ which show that 
bergs are probably more or less regular or rectangular below sea-level but 
tend to be pyramidal or conical above the sea, suggest a ratio of about 113 
or 114.^ 

Antarctic bergs, which mainly consist of are less dense and therefore 
float proportionately higher. Their factor of flotation has been gi^-en as r '5 
though in some it is less than 1:4.*** Unlike arctio bergs^ they break away 
from shelf-ice w hich is dissected by joints due to torsional strain induced by 
tides. Ross Barrier in this way receded on an average 15-20 miles (c. 25- 
32 km) with a maximum of 47 miles^^ (c. 75 km) after Ro&s charted it in 1841 
(provided we concur in the general view that the discrepancy between his 
chart and that of R* F. Scott half a century bter is not due to his error in 
estimating distances betiiveen ship and cliff*®). WTiilc the recession has 
progressed about Balloon Bight, which disappeared betivecn 1902 and 1908, 
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the Barrier in general has advanced northwards beuveen 1902 and j 911 at the 
rate of roughly 1600 m/annum^® (10-16 km in aJlJ. A re-survey in 193^ 
showed a further advance by amounts ranging up to 22 km.^o present it 
is rcceding,^^ 

Although the ioe reaches the sea along mo&t of the Antarctic periphery, 
bergs of Arctic composition and form are bom in but few places, as in Graham 
Land (e.g. oif Alexander Land, at the western end of Stefan$$on Strait) arid 
off South Victoria Land. They are^ however^ relatively insignificaiit in size 
and remove compaiatively little ice,^^ <;xcept possibly where “channel 
glaciers” reach the coast. 

Tabular bergs, flat topped and steep sided and seemingly of Antarctic 
have been occasionally obsen ed in the Arctic,^^ e.g, in Gr^nland, near White 
Island^ and betw^een Hope Island and Stans Foreland where they hai^e been, 
in all probabilityp derived from North-East I^nd which has such bergs off its 
coast.^ Others have been seen elsewhere off Spitsbergen -5 and between 
there and Greenland whither they may have drifted from Severnaya Zcmlya.^ 
'fhosc sighted off Newfoundland have probably come from the Steenstrup 
and Nansen glaciers, west GreenlandTabular bergs originating in Franz 
Josef I^nd are rarely more than 25 m high- 

Although Spitsbergen bergs resemble in shape and structure the Antarctic 
tabular bergs, those encountered elsewhere in the Arctic do ao only super¬ 
ficially. In east Greenland, for instance, they are raft$ of glacier-ice with 
jagged tops Avhich may owe their shape to overiiiming (Nansen), as may the 
smooth-faced bergs of west Grcetiland,^® including JCangerdlugsuak Fjord, 
Arctic floebergSj^^ w^hieh arc flat and rectangular, also differ in origin from 
the t> pical Antarctic bergs. Winds have built up bergs, 11 m thick, off 
north Cajiada.fi<J r s . j 

li^ueiic^ of sea-ice. The “iceberg banks” of north Greenland^ in 
particular before the large and very productive Jakobshavn Glacier, are 
shoals out to sea or across the mouths of the ice-fjords upon which bergs in 
close array have run aground.^ ^ A whole fjord or bay bertveen the barrier 
and the ice-face may be closely packed with herg$, cemented togetlicr as in 
Jakobsha%'n t jord no boat has penetrated the fjord in living memory’—or 
re-fused as a floating extension of a glacier-tongue, as before the Jungersen 
and Academy glaciers,*^ Of similar origin, in Drygalski^s opinion,®^ are the 
ice-terraces of Graham Land and the “confluent ice ” of north Greenland.*^ 

Sea-ice may deflect a glacier along a fjord's sidesor, like the stopper of a 
botdcp prevent the escape of bergs every year, a$ in Smith Sound and Kane 
Basin or m more southerly latitudes in east Greenland-®® Exceptions occur if 
a glacier is strong enough to burst through the fjord-ice throughout the year.®^ 

^ In ice-fjords, frost-bound during the winter^ bergs and calf-ice remain 
piled up in impenetrable confus^ion and the entire yearly production of bergs 
may be tarried out during the few summer months. Melting and crumbling 
of the winter-ice progresses fi'ont without until the narrowing strip of sea-ice 
ran no longer retain the pent-up mass^ The remnant, pushed into waves, 
breaks suddenly and the whole train of bergs rushes out through the fjord 
almost catastrophically. The train starts slowly but quickly gathers 
momentum and attains an hourly speed of 5~S miles (S—13 km)-^as fast as a 
fox can run say the Greenlanders-—^to the accompaniment of a deafening roar 
which may be audible for miles and last for days.?^ A period of sporadic 
bergs or a steady drift of bergs follows. 


INFLUENCE OF SEA-ICE l8l 

The “shooting out” {Vdsftydni^'^^) is tjpicaj of west Greenland's ice- 
fjords, M_ P. Porsild^s “Torssukitak named after the large ice- 

fjord of dug name, i$ charactciised by a single shooting out while his 
I'JalLobshavn type” has numerous discharges' the type fjord's annual average 
Is lo* The Udskydmng becomes later polewards and as the fjords get biggerp 
especially if they contain islands or shoals -73 In the highest latitudes, ber^ 
may not escape in some yeats or may be permanently imprisoned,^'* as in the 
Antarctic or about the large and numerous glaciers in north GreenJand. 
Thus bergs are generated on a considerable scale in favourable ice-years. 

Fhe parox>'sma] emptj^ing of ice-fjords, a phenomenon well known to the 
Eskimos and Danes of Greenland, h probably due* as Porsild has ssid^ to 
the vast volume of w ater dammed up under and behind the ice at the head of 
the fjord during times of abnormal melting such as the foehn induces: the de¬ 
tachment is achieved through the agency of spring tides. Thus the shooting 
out in Iredcrilcshaab iSermilikp west Greenland, is linked with the emptj'ing 
of the glacier-Jake Imaersariog when its waters become so deep that they lift 
the glacier.^? “ 

Debbies are also known from the Antarctic. Thus in the Southern Ocean, 
1832, 1S54, 1S93, 1S97 and 1922 were years of abundant Ix-rgs.^^^ Between 
1892 and 1897, for example^ the efflux of floes and bergs was so enormous that 
traffic benveen South America, Africa and Australia had to seek a more 
northerly track: it profoundly disturbed the monsoon regime of the Indian 
Ocean and caused droughts in Australia.^ These and similar outbursts in 
the Arctic 0 «an have been correlated with astronomical relationsJupsJ^ 
which rhythmically increase and decrease the intensity of the tide-generating 
forcep but are probably climatic and connected with the greater c.^tent of the 
land-ice. The sea-ice of Weddell Sea may follow Bruckner^s period^ (see 
P- 133) controlled hy climatic variations,^ The retreat of Ross 

Bi^er (see above) has been tentatively ascribed to earth-tremors,®* associated 
with faults in the Ross Sea Smkmtgs/eld which also generated the abnormal 
fleet of bergs the lYimrod met in 1908. Earthquakes have been invoked too 
for the unusual quantity of bergs in the Southern xSeas in iSaS®^ and for their 
exceptional size and abundance in certain pars in Alaskan waters,®^ 

DrygaUki,®^ who discussed the periodicity of calving, concluded that with 
a glacierconstant movement calving should be more or less regular, though 
intermediate taJvings* resulting from irregularities of the face or, in the 
Antarctic, from violent and frequent storms, might mask the intervals. Con¬ 
ceivably p a flood tide by deepening the water and raising the hydresstatic 
pressure, should favour caJ^ang. Dry galski found this influence was incon¬ 
siderable in Greenland and the rime of calving independent of the state of the 
tide* but later experience in both the Arctic and Antarctic has demonstrated 
its importance .®5 It has been shown too hoW' pieces of iccp fallen into 
crevasses open at low water, act as wedges at flood tide, so that a rising tide 
forces the ice apart,®* 

Dimensions. Heights and other dimensions of bcigs, given in the early 
literature, as for the Antarctic,®^ are exaggerated and to be accepted with 
caution: it is difficult to estimate accurately from a ship or avoid over¬ 
estimating heights when observing at sea-IcvcL 

The first reliable estimates of Greenland bergs were made by Rink®® who 
judged their height to average 6 q m, a figure w'hich agrees ivell with those 
afterwards obtained by Hammer, Steenstrup and others,Bergs from the 
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Jakpbshiiv'n Glacier are higher than those from other Greenland glaciers; they 
have been given m izzttt (Helland)^ 108 m (Hammer) and 137 m (Dr}'galski). 
Of 87 Greenland bergs*^ few were more than 100 in high and the average 
was 70-80 m: the maximum in west Greenland was 75 The average of 

the 1300 bergs seen by the International Ice Patrol in 1929 was 30 m high^ 
30 m wide and tao m long 92 

The Antarctic shelf-ice favours the calving of much bigger bergs. Twenty- 
one ships obserxed a berg bo miles (r, 100 km) long in 1855^9^ Erebus, 
Chaitefiger^ Aurora, Nimrod, J'erra Nova, Endurance and Norwegia all reported 
bergs over ao miles {e. 32 km) in length, 9 ^ as in Weddell Sea+ while Dis- 
covery II noticed 93 in 19271 betiveen South Orkney Islands and Graham 
Landj a berg 35 miles {c. 57 km) long (the other side, obsenixd about the same 
time by another ship, was c, lOO miles or 160 km long) and again, in 1930, a 
berg 60-70 miles (e, 100-112 km) long beti^een South Georgia and South 
Sandwich Islands* These and other huge “ice-i$bnds” noticed after 1927 
In South Georgian waters were pnohably derived^ as the result of a tidal wave, 
from the unknoWTi , south-westcni part of Weddell Sea %vhere bergs are bigger 
than in Ross Sea, D, Mavrson^* saw' a berg 40 miles (r, 65 km) long* 

Yet these figures are exceptional x the largest bergs Ross noted were 4 miles 
(f, 6-5 km) long and the vast majority seen by the I}iscovery^~^ ivere less than 
i mile long (r, 400 m) and c. 37 m high. The height^ usually 30-40 m, is less 
variable hut ranges from 15 m to more than 70 m. The highest observed®^ 
in Ross Sea by the 'rtrra Nova was e. 49 m, by the Franfais 50 m (when tilted 
SS'S m)^ and by the Gaus^ 50 m (and 1 km long), 

Distributicin. Since the Arctic ice is generally less than the land on which 
it rests, its bergs are relatively small and confined to the narrow ice^fjords 
which produce them or to the seas into which off-shore winds drift them, 
nicy are not encountered in the heart of the Arctic Ocean, though they are 
occasionally seen about North-East Land, around Novaya Zemlya (save in 
the shallow' waters on the north and west)^ and in the neighbourhood of Franz 
Josef Land where their maximum thickness is 20 m or 22 m, I'hey are rare 
along the Siberian coast, except near Severnaya Zemlya, 

Greenland, Franz Josef Land and No^'aya Zemlya are the main birthplaces 
of big bergs. Yet even Greenland with its numerous ice-fjords yields bergs 
over very limited stretches, though tfiese are extremely productive -99 The 
north coast of Pear}' Landl*^ has only one calving glacier. The most pro¬ 
ductive are on the wesu north of 69* N, Lat. and on the east coast south of 
that latitude,Thus on the west, which it is estimated gives rise annually 
to 7500 sizeable bergs, each 50 million cu, ft in volume,^<^2 the most productive 
glaciers are about North’^ast Bay and Disco BaVn vhc. Sugar I^af Bay (74® 15' 
and 73^ 57"), Giesecke icefjord (73'' 30'), Uperni\ik Icefjord (72® 53')t Rink 
Glacier (71® 40"), kivdliarssuk (70° 47')^ Great Karajak (7o‘^23'), Torssukitak 
(70® 02"), Jakobshavn IcefjoTd (69^ 10^) and Sermilik Icefjord (61'^ 13^)* 
Inhere is nq ice-fjord of the first cla^ between Cape Farew'ell and Disco Bay- 
On the east, the most Important are Scorsehy Sound (yo'^oo'), Kangerd- 
lugssuak (68® 10')—the most productive Greenland glaciers^north Kerssuak 
(66* 30')^ south SermJlik (66® 25'), Ikerssuak (65® 30'), Rikiutdltk {65® 00'), 
Igdluluarssuak (63® 40') and Anoritok (61® 30'), 

The explanation of this striking difference in the behaviour of the two 
coasts lies in the iccshed's eccentricity (see p, 667) and the relation of the 
land to [he icc~edge, and the shoals which prevent her^ from est^ping on the 
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east coast north of 6S° N+ Sea-ice is obstructive along both coasts^ 

especially on the east under the influence of winds from the Icelandic Low* 
With the slow motion of the Humboldt Glacier it is responsible for the few 
bergs this glacier generates. 

Greenland bergs which coUcct in Baffin Bay* Smith Sound and the East 
GrcenJand Current—bergs from 
east Greenland move round Cape 
Farewell to a gathering ground 
in Davis Strait—are drifted 
into the North Atlantic where 
they gravely menace shipping^®* 

(the " Gateway of the Icebergs 
a rectangle of about 40^000 sq* 
miles (c. 100,000 sq. km)* is be¬ 
tween 47° and 43® N. east of the 
Grand Bank). The ice-condi¬ 
tions in this ocean are the 
subject of annual reports from 
the Danish Meteorological In¬ 
stitute summarised by C. J. IL 
Speerschneider (see p. 1 %)* For 
the section about Newfoundland 
and the Grand Bank.^^ tvherc 
the severity of the iceberg season 
is related to the pressure distri¬ 
bution over the North Atlandc 
region, reports are given by the 
International Ice-patrol in 
191^ r* t^oo berg;s were sighted ^ 
in 1929 over 1300 bergs, and in 
1924 only II. The number of 
bergs reaching positions south of 
the 4Sth Parallel averaged about 
430 per annum between 1900 
and 1947 and 407 between 1900 
and 1953 varied greatly**^ 

(fig. 39), being influenced by the 
preceding atmospheric pressure 
and temperature distribution in 
the North Atlantic. This patrol 
has been carried out for the 
maritime nations by the Govern¬ 
ment of the United States since 
1914 (except for the war years 
1940-5) p following the loss of 
S.S, Titanic in 1912 (t4th April) 
through collision with a berg. 

The positions in which bergs have been sighted around the Grand Bank 
south of Newfoundland during the years 190&-30 are shown in the text- 
figure^ (fig. 40)* In ice-poor years they often remain north of 45° N. 
Lat. but in ice-rich years penetrate to 40* or even 30"^ whence they are 
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drifted tastvrards to the neighbourhood of the Azores and into British sCiJS 
(seep. 195). 

Iceland and Europe liberate no bergs since their glaciers do not reach the 
sea^l^: the lowest lobe of the VatnajOkull descends to 60 m A.S.L. (6j** 30') 
and in Noni-ay the Suphellebrae ends at 52 m, and the ice which descends 
tosea-lev'el from Frostisen in Ofotenfjord in 68* 13' N. is also a rcconstmcted 


glacier. Spitsbergen's most productive glacier is the Negri Glacier at the 
head of Storfjord, though others less productive are on the east coast of North- 
East Land; and King James Glacier on Edge Island contributes a number 
of bergs annually.*!^ Severnaya Zendya is still more productive. The 
countless bergs from the east side of Novaya Zemlya drift to the north- 
north-west to the meridian of Franz Josef I^nd in 84“ 40' N. Lat. and then 
to the south-west into the Greenland Sea.”i One small glacier on Bennett 
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Island yields the only bcrg$ oit the whole Siberian coast cast of Cape 
Chelyuskin. 

Eilcamere Land, alone in tlie Canadian Archipelago^ discharges any 
appreciable number of bergs: the annual output on the west &ide of Baffin 
Bay and Davis Strait may be 150.^ llergs are produced in considerable 
numbers from Alaskan glaciers,^ though floating ice is not now found in the 
Gulf of Alaska. 

In the southern hemisphere, bergs are only calved around the Antarctic 
Continent and subantarctic islands and in the extremity of South d’^merica 
where glaciers fail to reach, the sea north of 46* 40'' S. Lat.—in British 
Columbia in North America the corresponding figure is 57“ N* Lat. New 
Zealand glaciers, not being tidal,^ supply no bergs: the Franz Josef and Fox 
glaciers—the two longest glaciers of the west—extend to within ai o m of sea- 
level, while on the east+ the Tasman Glaciert which is the longest and reaches 
to the lowest level, ends at over 6cx> m.^ Antarctic bergs are often abundant 
in the pack-ice. Thus Captain Cook counted on 26 January, I773 j 186 from 
his masthead and de Gerlache saw 320 at one time in February Tht?y 

are, however, scarce in the range of longitude betiveen 140'' F. and 170" W,, 
e.g, off South Victoria Land. 

In both hemispheres bergs are passive. I’hey drift into lower latitudes by 
the action of calving floods^ by oscillations about the centre of gravity + by 
Currents and tides, and much less by winds, unless their careers are nearly 
ended and they are extremely winged and pinnacledJ^’^ Their deep draught 
not Infrequently takes tliem by undercurrents in a direction contrary' to or at 
different rates from the floe-ice which drifts %vith surface winds. Projecting 
higher into the wind and offering more resistance, they may also move more 
quickly than the main pack through w^hich they plough their w^ay. A berg 
sailing through the pack with the speed of about lo miles {16 km) a day 
against the wind constitutes a danger to ships w^hJeh are fast in the ice. 

The usual history of a west Grcedand berg^ is to be released from a fjord 
in summer, to reach Hudson Strait the same season, to winter'' there, and 
to appear off Newfoundland the folloAving summer. 

Few figures of berg production are available. Holland estimated that of 
the Torssukiitak at 6-3 million cu. m/diem or 2-3 cu. km/anntim and of the 
Jakobsha^m Glacier at 16 million cu. m or 5 S cu. km. Four north Green¬ 
land glaciers in 1920 may have discharged more than 150 cu. km, the product 
of several years calvingA^^ ITie number calved in Greenland each year is 
somewhere around 10,000-15,000, divided equally between east and west,^^^ 
w bile the annual w^astage of the Greenland ice by calving and glacial streams 
is possibly one-tenth of its total massA^i Other arctic lands yield an annual 
total of about 600 bergs. The annual produetjon of Icebergs in the 
Antartrtic has been estimated at 640 cu. m.^^ Attempts have been made to 
derive formulae for predicting the severity of iceberg seasons based on pres¬ 
sures or temperatu res. 

Wentbermg. Bergs are short-lived: off Greenland few are older than 
2 vearsJ^^ A berg's average volume of 50 miUion cu. ft (1-4 million cu. m) 
in Davis Strait is only 6-S million cu, ft (c. 0-17-0'23 million cu. m) at 
the Grand Bank.^^* The height which in Disco Bay is c. 60 m is simuL 
taneously halved. Bergs in their two or three years* journey from Green¬ 
land to the Grand Banks suffer a mortality of more than 90%^^^ 
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The wasiting processes begin as soon as a berg calves. Pieces break off 
along joints, especially if a berg is rocked by swell. Disintegration is brought 
about by the high specific heat of rocks in the berg's debris-bden layers^ by 
the action of air, noticeably in rain or mists, by foehn svinds as it travels 
along the fjordp, by the hundreds of rivulets which stream off its faces, as 
about the Grand Bank in summer^ by waves which arc especially destruc¬ 
tive in the North Atlantic and honeycomb it with caves (these are enlarged 
by blow holes), and by submarine melting which reduces the angles and 
flattens the cur^'cs—Alaskan bergs melt id times, west Greenland bergs 200 
times, more quickly by the sea than by the atmosphereJ^ Solar radiation 
affects little since the sun^s rays are reflected, hlelting may be rapid eveit 
if the atmosphere is below o^C^^O and is greater below water-level in winter 
and above it in summer.^^i This seasonal change slowly low'crs a berg 
during the winter and raises it during the summer. Submarine calving 
may overturn a berg, while the tqp layer of a tilted Antarctic berg may slide 
off bodily along the stratification.Beq^ disintegrate too by internal 
tension or explosive force,especially at or immediately after sunrisei when 
the pressure of the imprisoned air (which has the same composition as 
ordinary airl^S) exceeds the structural strength of the ice. In north Green¬ 
land, for examplej fragments the si^e of w^nut^ w^ere discharged constantly 
and almost explosively and hung far away with a loud report. Eskimos are 
said to keep perfectly quiet when obliged to pass a berg at close quarters. 
The millions of tiny bubbles of compressed air, released by mcltEng, rise by 
the most direct route to the surface of the sea and cause ascending currents 
which flute the sides of bergs. 

Weathering in the Antarctic enlarges the grain, diminishes the air-content, 
and by molecular scattering changes the colour from white to blue jfVrctic 
bergs, which are already composed of icc, alter by the release of innumerable 
air-bubbles to a peculiar opaque flat white, often with soft irridescent hues 
of green and blue.i^® Most, however, are ribboned tvith debris or are striped 
blue and green with veins of compact, transparent icet the ancient crevasses. 

Weathering sculptures bergs Into innumetable shapes and into forms 
transitional betw^een Arctic and Antarctic types thej^ become pinnacled, 
domed, roofed or ledged. The continual surge of WEiA='es and swell developes 
a central bore and later a deep, wide vallev» the bergs being variously st>fed 
-W3IIey'^ **dii'-doek'V winged”, saddle-back^’ or "double-honied 
The final stage is the ^'growler” which drifts nearly awash. Bergs which 
have spent their w’holc life in the pack have a more regular outline: swell. 
Waves and sea^spray are absent and atr- temperatures are more constant. 

If a berg s mass decreases asymmetrically, it shifts its centre of gravitv and 
alters its trim, either by lifting the plane of flotation uniformly or by listing 
or ovcrtunling, Bergs which are practically as long a$ high or have a great 
height and small base are top-heavy or bottom-buoyant,*'*^ though those with 
much basal debris turn over less readily. They often capsid after 
calving when their equilibrium, which depends upon a gladerN depth and 
degree of crevassing (this varies even in different parts of the same snout, 
according to the slope of the ice-fjordis apt to be unstable. Hence 
capsi^d bergs in west Greenland arc confined to particular fjords, e.g. Great 
I^rajaki while Jakobshavn and other fjords tvhJch have broad glaciers and 
little gradient^ are almost free from them.^^ Overturning, which dense 
pack-ice may prevent,**^ is less prevalent in the .Antarctic since the shelf-ice 
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from which the tabular bergs calve i$ regular. Sea-ice similarlv floats very 
evenly because of its regular form and constitution. 

Tilted bergs, notably in the Antarctic,!-^ are recc^isable by their inclined 
stratification and, as elsewhere, by their lines of caves and girdling incisions 
or notches, clearly visible miles aw^ay. These are produced by the relatively 
high temperatures that obtain in the surface waters, Bergis off the Gj™d 
Bank of Newfoundland have as many as three or four old w^ater-lines inscribed 
across them. If the uplift is slow, the waves attack the whole of the rising 
surface as it emerges, if by jerks and unequal, they hollow^ out caves at 
different levels. Lines of tvave-wom grooves and caves, polished on their 
inner side, mark successive stages in a berg's elevation where they are parallel, 
or a displacement of its plane of flotation if they intersect. Berp* recently 
capsisred, are blue in contrast to the white of sunburnt bergs (see above). 
Rocking and capsizing of big bergs and continued breaking off of pieces 
induce waves tvhieh may tilt or capsize neighbouring bergs or calve new bergs. 

Bergs, by their ^veathering, cool the air and water in their immediate 
vicinity. Investigations into this circulatory effect have given contradictory 
results which $uggcsi that it is so weak that the many temperature varia¬ 
tions to be found in surface Avater& mask it. Even the most sensitive thermal 
recorder hardly serves as a reliable berg dctcctor.l'^^ The simultaneous 
melting of the 1300 bergs counted in 1929 off the Grand Bank would, it 
was estimated, lower the temperature by o^ooS^C only. 

Bergs provide one of the main sources of noisc^^^ in the '^silent” North. 
Their calving produces a blasting sound; their break-up a booming or 
cannonading sound w^hich reverberates in exaggerated tones; their over¬ 
turning a swish of wmw against the shore; and their weathering the note of 
the trickle of waters streaming off them or the drip-drip that splashes from 
the sides, 

2 . Sea^ice 

Sea-ice in its many forms,^^^ the ^^ con^aled sea^^ {Alare ^-ontreium or Mare 
rronium) of classical and later times is, with river-ice, economic^ly and 
socially of far greater importance than glaciers. It has been the subject of a 
considerable literature and of important publicatiooSj^^ in addition to the 
brief and inddentaJ remarks made in innumerable books of travel ihroughout 
the centuriesJS^ E. H. Smith monographed the physical properties of ice 
ascertained by modem apparatus. Treatises have also appeared on the sea- 
ice of particular regions, e.g, east Greenland, west Green Ian Spits- 
bergen,!-^ the Baltic,^® Weddell Sea,^*l Ross Sea^*^ and Kaiser Wilhelm 11 
Land.w 

Sea-ice may be classified a$ follows^^: 

(«) Primary growth ^pes 

1, Open sea: ice-crystds; slush; ice-rind; sludp-ice; pancake-icc. 

2. Fast ice: young of bay ice; level ice; shore-ice; ice-foot (in part). 

(ft) Secondary' ty'pes formed by deformation of primary types 

1. Ice-field; ice-floe; growlers; cakes, lumps or fragments; 

brash; honeycombed Joe. 

2. Hummocks; pack-icc; palaeocrystic ice. 

The terms dare almost entirely from VV. Scoresby's classic descriptions of 
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Mode of formatioD^ In sta-water, vvith an average salinity of 
freezing point is and the density i^oaS2i| the maxi mum density 

(= i ^o 5 fe 2 .) being reached at a temperature of “3'945'^C^^ as sbovm by 
T, C. Hope's classic experiments.Figures of the salinities^ density 
maxima and freezing points arc set out below: 
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particles of ige^ as soon as they become microscopic* lack ciystal form and 
appear as a true colloid in small discs. These flocculate and grow and build 
crystals clouding the water 

The first outward manifestations of freezing are the obliteration of the 
minor ripples and the formation of frazil ice^ a scum of delicate needles or 
scale-Hke crystals. About 1-25 cm, oceasionally 2-5 cm tn diameter, these 
^ow very quickly in snowfall which adds greatly to the numberl® by lower¬ 
ing the s^Lnity and raising the freezing point. This snow-slush (Ger. 
Schti^ebrei ; Fr- bouiU^ ; Russ, srtj^djura) floats about, even at depths 

of seve^ feet, and unites into rosettes, finally growing into a felt-like slush 
(Ger. Eis&reii Ft. grah^ei Russ, sato) m which the plates, oval and toothed 
along the edge, lie horizontally. At this early stage, the ice appears like 
cooling greaseH grey in colour, and has little rigiditVp since the mother liquor 
of concentniied salt solution is entangled between the crystals. 

Sludge-ice (Ger, Breteiii Fr, bomlle deglacier] Ru$;$k after sheeting 

the surface, grows from below by adding vertical prisms. Under the super¬ 
ficial layer, the crys^s stand "on edge*\ but being unstable* remain so only 
in calm weather or in sheltered leads or cracks. The w^edgea of platcSp with 
brine concentrated along the planes, give sea-ice its characteristic vertical 
fibrous structure and its striated appeanmee in vertical section. 

The plates,which are f. a cm across and shorter and thicker than in 
lake-ice bei^use the sea is less ealm, are sometimes horizontal, sometimes 
vertical^ this probably depends upon the quietness of the wateror the 
strength of the diffusion currents. As a rule* they are vertical, though they 
may be horizontal in the upper 2 in (5 cm). 

The smooth film of pkly ice, inconsiderably thick, grows more readilv in 
sheltered bays, as in MacKenzic Bay, Alaska, and Melville Bay, west Grcen- 
e "bay ice'' (Ger FT.jeimeglatei Rusg, molokik) of 

me Arctic-^ where the water is less saline, as off north Siberia, the freezing 
forms ice-nnd (Ger. Eisrindei Russ, mlas^ a thin and elastic crust. 

If the ice grows fairly thick ^d regularly, it builds the level ice (Ger. Ftac/ieis ; 
Fr^gtace plat] ravnyj led). During winter the bay-ice adheres firmly 
to the rock or shore as the " fast ice or "land-ice of J. Payer and H. R Mill* 
Djy^galski’s Schel/eis or Nansen's ‘^shorerice". Its grov.th is favoured by 
Ae many irregular islands of the Canadian Archipelago though the north 
Siberian shelf has the biggest area: in some winters it extends 270 miles 
(c. 435 km) out from the coast in the offing of the Yana River.l^^ In the 
Baltic, freezing takes place from the coast outwards since, unlike polar 
^lons, no old ice persists throughout the summer to act as nuclei for new 
ice and permit freezing to take place simultaneously over vside areas.l'^s 
rhe salinity is very variable, depending upon the season and age of the ice 
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and the rate of growth. In neiviy formed sea-ice, it is 4-5%!,*^* and 
while not confined to the top layer, as asserted,is chiefly found in that 
layer since the kc grows more slowly as it thickens and the s^inity theruforc 
decreases (see below): in the upper 20 cm the salinity may be 4~6%aT at a 
metre’s depth 2-3 %(i. A snow cover which reduces the cooling of the surface 
also reduces the salinity in ice growing from below. With increasing age, 
the ice becomes less saline, decreasing to i or 2%o. Hummocky ice, as early 
explorers'^® including M. Frobisher and J. Davis noted, has little salinity. 

When sea-ivatcr freezes, pure ice is separated from a concentrated brine 
which, by reason of its density, tries to soak do^vn through the porous pulp 
of crystals. As this thickens, it stops the escape of the brine and retains part 
of the salt in small cavities and below' also as small crystals.'^ At 

this time sodium sulphate and calcium carbonate also begin to separate and 
continue to do so with further cooling. 

Salinity is a function of depth from the surfaoe; for the more rapid the 
freezing, the higher is the salinity l®*; young ice, formed at an air-temperatum 
of —40*0, has a salinity of up to iO%o, at — lo'^C of 4-6%o. With rapid 
freezing at low temperatures, the salt in the ice is deficient in chlorine, though 
generally the chlorine percentage of the salt in sea-ice and the brine is higher 
than in sea-water.'®' The salts in sea-water are selected upon freezing.'®^ 

The brine is mechanically trapped in the interstices of the ice-plates 
which are themselves free from salt,'*® save for some sulphate as experiment 
proves. The elimination of the salt on crystalliaation, which was early 
noticed,'®^ js never more than partial unless the ice is raised above the sea, 
though salt drains away even if the ice is submerged. The fact that uplifted 
sea-ice drains until it becomes fresh enough to dririk, as in the highest 
screwed-up ice, has been known to generations of Arctic sealers and whalers, 
and polar explorers have rediscovered it again and again. The salt goes 
into solution and drains away if the temperature rises above melting ^int, 
especially in summer, though certain salts are lost in this way'*^^ even if the 
cold is intense, c-g. — 30X. iTie brine, under the influence of the 
temperature-gradient, diffuses through the ice by a process of melting 
towards the warmer end and by freezing after the hrine has passed.'®^ 

Crystalline salts or cryohydrates are exuded at the surface through the 
capillary cracks and form a white efflorescence of needle-shaped cry stals i®® 
(“rassoi" of the collectors of mammoth tusks on the New Siberian Islands'®^) 
which F. Wrangel found was more plentiful near palyrtya (see p. 192). 

As the ice thickens, the actions and reactions bet^veen it and the brine 
become more and more complex and the law of freezing increasingly rompli- 
cated. Drainage, by diminishing the salinity, reduces the plasticity; for 
salinity' makes young ice leathery.'"' Age changes the internal propertiM, 
such as chemical composition, density, elasticity and structure—the density 
is very variable and ranges between 0-857 and o-gzo. The ice may become 
granular like glacier-ice.'*' 

Tlie thickness of ice formed in a single winter'i'^ varies benveen i -5 m and 
5 m, e.g. Gulf of Bothnia, 3 m (J. C. Ross); Melville Island, 2-2*5 E. 

Parry); Baffin 1 jnd, c. 2 m (G. S. Nares); Siberian coast, r. 3 m (F, Wrangcl); 
west Greenland, c. 3 tn{I. J. Hayes) or 075 m (Drygalski); I'ranz Josef Land, 
2‘5 m (J. Payer): the Polar Sea, f, 3 m {H. U. Sverdrup): Antarctica, 1-5- 
4-5 m. 1 « two years old'*® in the Weddell Sea was f. i -5 m thick, in West 
Antarctica, 2 48 m. Near the ice-edge in the Arctic, the very thin surface 
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layer of low saUjuity^ formed in the late summer by the melting of the old icej 
favours the ice-formation of the autumn.^^** 

Sea-ice groin's for sci^eral years,as m Melville Bay and Kane BasiOp west 
Greenland^ by snowfall, by flooding from tidal cracks, by freezing the sea and 
meit^water belowp and by floes coUiding and overriding. Growth from below 
has been stressed for certain areas, growth from snowfall for others the 
latter may explain why Antarctic sea-ice is deeper than Arctic sea-ice 
Three layers of sea-ice, each becoming more complex vvith age, may be 
distinguished*^® j above^ a bed of granular snow^ full of air and horizontally 
stratifled; a spongy base in process of melting; and, between the tw^o, com¬ 
pact ice probably derived from fallen snow and freezing sea-water. 

Growdi is especially good in shadow waters whiebp from accessions of fresh 
Water and precipitation^ are veiy^ cold and ha^'e a low salinil^'. Such fast ice 
occurs in the flat^ spacious embayments of north Siberia and on its broad 
continental shelf which has a mean widtli of 400 miles (c. 650 kni)+ and tn the 
labyrinthine channels of the Canadian Archipelago. Buffeting and frictional 
resistance fix the outer limit, the sma of the Eskimos. 

It formerly thought that sea-ice might attain any thickness: some 
Antarctic bergs bad indeed been regarded aa heavy field-ice.^^ But sea-ice 
is not eternal: Nansen encountered no sea-ice in the Arctic Ocean w^hich was 
5-6 years old. Winds, poor conductivitya freezing point lowered by brine 
concentrated at the base, basal disintegration, and increased pressure and 
melting as the ice sinks through augmenting its w'cight — all these set a definite 
limit. This is a function of air and water temperatures and is probably 
3 ' 75 ^ ^ the Arctic*^^ North of Gaussberg it may reach 20 m.202 
The rate of growth slows down as the limit is approached^^^; in Arctic ice 
it is approximately proportionate to the root of timc^^M least initially. 
Malmgren^o^ graphed the annual amplitude and temperature of sea-ice 
at different depths obtained in the Arctic by the Fram and Alaud expeditions. 
The temperature cur^'e^®^ is more simple in sea-ice than in bergs w'hich are 
not so influenced by the sea^ Waves, cold in w inter, w^arm in summer, pene¬ 
trate with a rapidly diminishing amplitude from a berg’s surface to a depth of 
15 m. Bctvrecn the depths of 15 m and 30 m, the temperature because of the 
sea beneath h I '^C above the mean air temperature. 

Sea-ice breaks dowTi intogtnfora (Ger, ScMletti Ru^« Idmi) or into sheets 
called floe-ice” (Ger. HardeniTr. tesfioes; Russ, Momki) or more extensive 
field-ice (Geri Eisfeld, Pack^sfeid', Fr, champs de Russ, tedyarioje- 

poije) which is cleft by 'Tanes“ of open water. This ice develops the 
following ty'pes of crack ^: (a) contraction cracks induced by sudden changes 
of temperature; (S^) stress or strain cracks, due to unequal loading and uneven 
snow^ accumulation (the immediate cause of the fracture is wind or s%vcll) —- 
they attain an appreciable Avidth as soon as made and their side^ float at 
different levcU; (c) pressure cracks, formed when young and plastic ice is 
bent or ice is rafted by blizzards or swells from the open sea; shock or con¬ 
cussion cracks^ opened particularly in ice w'hich is in a state of tension; and 
(d) tordon cracks. Tidal cracks, single or multiple, especially in confined 
bays w ith gently shelving shores, constitute a special caae of strain crack Avhieh 
follows the shore clo^iy; in the midst of the pack, the rising tide rends the ice 
and expeb the air imprisoned below^ the ice so that it escapes with the 
noise of thunder2<w (ph VIIIa, facing p. 193), 

Floes travel at speeds which depend upon windsp currents, tidesp draught and 
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the nature of the floe surface; hummocks act as sails* Turning frequently 
prcdtjccs a "screwing pack". Adjacent floes dovetail into or override one 
anotherj and by piling up and telescoping build pressure ridges. These sink to 
the pusitlon of equilibrium their densit>^ requires and have huge cracks 
roiigWy parallel with their sides (pi. VI 11 a, facing p. 193). 

Floes are curled and tivisted along their edges and forced up into pressure 
ridges ot skrti^nrer of brecciated ice, the north Siberian (pl^^r. tor^* 

EngL torosea)* In this, granular ice is substituted for platy structure.^ 
The whole field is a chaos of hummocky ice” in which the hummocky floes 
are wholly or partially recemented together and the thinner parts or frosten 
leads are buckled into over folds and allied pressure structures. ** Laminated 
ice" results if thin sheets are telescoped. Pressure ridgest which peculiarly 
characterise the margins of the Arctic basin, are rarely more than 6-8 m or 
18 m high^^^: the ice through which the Frum drifted was seldom g m thick,^^^ 
though rampartSj even 30 m high, have been observed north of Grcenland.^l^ 
Pressure ridges may arise^^"* from screwing, from winds, currents and tides, 
or from bergs passing through young ice. Even shelf-ice may be puckered 
in front by the impact of other ice .215 

" Paleocrystic ice”,^^* first found by Narcs^^^ in Kane Basin, is a singularly 
chaotic, hummocky pack, scarcely distinguishable sometimes from gUcier-ioe, 
the undulating surface being blue and itiilea in extent. Its thickness is con¬ 
siderable (7-8 m) and its age at least 25 years. It also occurs north of Green¬ 
land (Robeson Channel), Grinnell Land and Grant Land, especially south of 
Peary’s Big Lead and where the polar ice i$ forced into the funneldike opening 
into Baflin Bay,^l^ as w'ell as along the east coast of Novaya Zemlya and around 
Franz Josef Land (Fridtjof Nansen Land). Of somewhat obscure origin^ it 
has been thought to have been derived from bes^ (Nares) or from Sikussak 
(Peaiv'), and in the case of the region north of Asia from the fresh water of the 
great rivers of that continent which froze and so did not mix with the under¬ 
lying saline waters. Pressure and heavy brecciation probably produced it 
from old floes, the rugged projections being rounded off by melting (Nansen) 
where currents, winds and the sea's conjuration cause congestion in the 
Arctic Ocean. Sca-ice has in this way become rough and granular like 
glaciers to form the oldest fast ice known. The Stkussak of the Eskimos,^ 
limited geographically to the calm fjords of north Greenland, probably arose 
by covering the fjord-ice, of many years' duration, with snotv and by melting 
the underside^ so that icc formed from snovv gradually replaced the original 
ice.^l 

Young ice^ subject to swelb divides into countless hexagonal, subangular or 
roughly circular discs up to 3-5 cm thick and to 2 or 3 m across.^ These 
cakes of “pancake ice” (Gcr. P/amJtuchefieis; Drehscholleftm^ Ft. onieial^s 
glace; Russ, blittchahj kd) jostle each other continually and become round, 
with up-tumed rims.^^ Several may unite into a larger floe or compound 
pancake-ice, likewise rounded into pancake form* Although panc^e-ice 
may result if old sea-ice breaks up by rotation and friction,^^** it is more 
commonly an early stage in the growth of sea-icewhen the sea freezes 
while rippled by wind or disturbed by swell, as illustrated on I^ke 
Geneva and Lake Baikal. **Ball ice”, of a diameter of 2-5-5-o cm, 
which has been observed in "streams" in -\ntarctic waters, may arise 
possibly from the coalescing of frazil ice particles and their subsequent 
rounding by collision or wave action, from smaU pancakes by the 
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same procesSp or from an agglomeration of snow-flakeis rounded by water- 
mo vemenu,^* 

The unbroken ice of winter disintegrates in spring into pack-ice.^^^ The 
floes become incrcasUigly loo$e» ]c$s heavy, smaller and rounded* V^Tien not 
in contact, they form ^'open pack^^ when pressed together, close pack*'. 
Nanscfi^^® has well described the mobility^ and constant regrouping of the 
floes. The pack drifts with the shifting winds and tides,and because it 
is so vast may have contrary' winds in different parts. Convergent winds 
crush it, as noticed already, into hummocks and pressure-ridges, while 
divergent winds open it along cracks or Assures which may widen into 
navigable " wakes lanes ” or ' *leads " (Ger. * Russ, 

Shore-water (Ger. Ku^ren^asser; RussJ vodyanoi snAereg) often develops 
along the coast in summer, especially near the New Siberian Islands and Ln 
places in east Greenland, Offshore winds broaden the pack-ice stream and 
scatter its outer floes while on-shore winds narrow it and drive it against the 
land. 

While anow-w'ater or pools (Ger. Schtte£%i?asser; Ru&$* Sn^^/miisa) abound 
on the ice, larger open water spaces, th^ p^lynya of Russian explorers, which 
arc of various shapes, tend to occupy definite positions. Thus the Great 
Siberian polynya^ w^hich stretches, with interruptions, for several hundred 
miles westwards from the Newr Siberian Islands and i$ formed by the pack-ice 
drifting upon them, is controlled by the isobai^ — a north wind may close it or 
cover it w'ith young ice. The North Water at the head of Baffin Bay and 
near the entrance to I.,anc3ster, Jones and Smith Sounds has excited the 
interest and curiosity of explorers for t^vo centuries. It has been attributed 
to the emergence of relatively warm w'ater from the south (an offshoot of 
the Gulf Stream), More probably it results from the strong fast ice in Smith 
Sound which resists the current and from the sw'eeping aw'ay of the ice on 
the south to leave open water behind —^the low pressure above the 

poljTiya mduces inflowing winds which in turn cause a rough sea that con¬ 
stantly acts upon any new' ioe and so keeps the sea open,^^^ 

Peary ^s Big Lead,^ 300 miles (r. 4& km) long and seldom more than 
1 mile (1 -6 km) wide, coincides with the continental edge along the 34th 
Parallel from Grant Land to Greenland (40^-60" W, Long.) and with the Une 
of shearing of the polar pack past the palaeocrystic ice. 

Open w ater also occurs in several places on the east coast of Greenland 
where it is associated with bird cliffs and with former Eskimo settlements. It 
is due primarily to strong heating of the air over the ice-frec coast land and a 
considerable flow of thaw-water out of the fjords. 

Lanes arc recognisiblc from a distance by the dark streaks in the douds 
styled “ water sky " (Ger. Wmsmehatten), ^is differs strikingly from "ice¬ 
blink” (Dan. a diffuse reflection or narrow'band of light of peculiar 

whiteness which ice throws upon the clouds. The first term was introduced 
by J* R. Forster, the second by H. E. Parry.^ 

The ice-edge depends for its appearance upon the w'ind,^^^^ Winds paraffel 
with the edge form tongues^ especially at the bends of currents^ and those 
blow'Lng away from the edge tear off the tongues into strips or streams or belts. 

Sea-ice dissolves under the influence of sea, mist and rain, though currents 
also play a part as is shov^m by the countless diatoms discovered between the 
basal plates of fjord-ice in west Greenland diatoms and other 

organisms also contribute to the decay, Weyprecht found a loss of 58% in 
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74: months, Fast ice begins to melt near the shore under the action of melt’ 
water and of foreign matter from the land. The hummocky iw becomes 
moutonnee. It Is natLirally the last to survive and constitutes the growlers 
or "bergy bits” (Russ. nfifyoA) or ftoebergs. Fantastically honcycomlwd 
“ rotten ice” or " brash ice”, fragmented by storms, fringes the estreme edge 
of the pack and accumulates between the floes or along the shore. 

Distribution. Drift-ioc occurs in all polar seas—as y^^i's observations 
for the Baltic were summarised in 1930 239 — and extends over 22-9% of the 
total area of the oceans. 2 *M> In the Antarctic, it comprises both berg and sea- 
ice, in the Arctic, sea-ioc alone or in great preponderance. In Davis 
Strait—Baffin Bay region, for example, bergs are only about z% of the volume 
of the sea-ice. 2 Ji The latter is most extensive in enclosed seas and least 
extensive in open, stormy seas, such as the ^uthern Ocean. 2^2 Transche,2'i3 
who classifled sea-iftj genetically, agreed with A. Kolchak 2 “*^ in ditferentiating 
between .Arctic pack or old rafted ice, situated mainly in the heart of the 
Arctic Ocean, and pack-ice found chiefly in the outer zone. 

The drift-ice of the Antarctic differs from that of the Arctic not m greater 
thickness, but in the absence of a coastal land lane (except on the west side of 
Graham Land) and of the heavy' piled-up pack-ice or wild toroses; the 
ice is less brittle, has more opportunity to spread freely, and drifts in waves 
which are more destructive and in currents which are less liable to sudden 
changes in trend. It encircles the continent in a broad belt, rougldy con¬ 
centric with, and except in summer, fitting closely to the continental border 
and usually well within the Antarctic Convergence.^JS Its breadth, as en¬ 
countered for example by expeditions in Ross Sea, 24 « varies with the season 
and from year to year according to the weather of the previous season and the 
distribution of the air-pressure. 2 « In summer, particularly in late February 
or early March, it is least and, except east of Ross Sea and in Weddell Sea, 
forms a narrow band along the coast. The farthest northern limit is reaped 
in late winter and spring, the edge lying in much the same pMition from 
July to October. The seasonal range varies considerably and is greater 
in the ,Atlaiitic sector and probably least in the Bellingshausen Sea 
near Adebe Land. With the exception of the Pacific sector and probably 
the east coast of Graham Land, nearly all parts of the fixed shelf-ice or 
continental coast are probably fret from pack-ice from time to time during 
the later summer. The ice-edge is not even but follows a tot^ous course. 
The ice-zone in Ross Sea is most readily traversed between 175 and 100 li, 
I,ong. in contrast to Weddell Sea which is most beset with ice in the western 

half of the sea (see below), ™ . , t... 

The limits, depicted on several published maps^® (%. 41), show tjiat while 
sea-ice occupies infinitely more surface than shelf-ice, i»rgs, 
unlike sca-ice arc distributed by currents and not by winds, drift over ^37 ^ 
of the whole southern hemisphere 2 ^^ (see below) to nrar New Zealand 
(sc= S. Lat.), Tasmania, South .Africa, and Tristan da Cunha. or 10-J5 
farther north than pack-ice, though they are rarely reported north of 35^ S. 
in the Atlantic Ocean, north of 45^ S. in the Indian Ocean, or north of p b. 
in the Pacific Ocean. They reach their lowest latitude m 26 30 ». m the 
Atlantic Ocean 232 because of the submarine ridge extending from Graham 
L:ind to South Sandwich Islsnds and of the cold Falkland Current and the 
Bouvet Current. The latter moves under the influence of the westerly w inds 
cast-north-east from the west side of Weddell Sea in 63’ S. Ul and even into 
13—Q,E. t 
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Fiq. 4U — Avefap;^ limits. (ruU lint) snd extreme Umiti (broken lincft) of the drift-ice in Aprtl 
in itlc North Atlflntic Ocean, EKtranc limit of icebergs is showo hf a. chain of trianglet. 
Danish Meteor. Inst,, JJ5J* Up pr r6> fij, 4, 


the Indian Oceanj it influences the isotherms and the limits of the dri ft-ice^ 
leaving an ice-free zone and a wanner area to the south of it. The different 
behaviour of Rosa Sea in this as in other respects is due to the shape and 
extent of the Lnlel and to the fact that the cold current of its west coasts being 
still under the cofitrol of the easterly winds, is turned to the north-west at 
Cape Adare in 71® S. This seat therefore^ has little influence on the sea-ice 
beyond its immediate neighbourhood. Its pack 4 ce probably moves only 
half as quickly as that in Weddell 5 ea,^ 

The limit of the sea-ice, ^vhich like winds, currents and isotherms, etc., 
conforms more with the parallels of latitude than it does in the Arctic* is TiVell 
defined: it is related to the East VVind whose northern boundary is approxi¬ 
mately 65° S. and to the south of Australia lies near the Antarctic coast. 
Its nearness is betrayed by various signs,^^ e.g, the Antarctic Petrel (within 
400 miles or 640 km), the Snow Petrel (within 100 miles or 160 km)* and 
the Antarctic Tern (at the ice-edge)* by the ice-blink, by the sudden 
decrease in the sw^ell and by an abrupt drop in the sea-temperature of 
about i'CD-i-5X which usually occurs 10-20 miles {16-^32 km) north of the 
ice-edge. It encloses an area (mean pack-ice) of 22,610,000 sq. km.^** The 
limit exhibits four shaHow but wide'' bays namely* south of New Zealand, 
south of Cape Horn, west of Bouvet, and south-east of Kerguelen s these are 
due to the position and direction of cold and warm currents, 

Arctic limits, though less regular* are better defined^® since there is le^ 
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scattering. They vAiy much from season to season^ e.g. during the summer 
months of the Barents Sea region (fig. 42), and from year to year, in accord 
with the winds and currents of the previous winters.^ Bergs dq not attain 
the low latitudes they do in the Antarctic because they are much smalierj 
start from higher latitudeSp and drift in warmer seas and currents. 'I'hey are 
absent from coastal waters in Europe and Asia and from the North Pacific but 
extend to 30* N. Lat. in the Atlantic Ocean.Remnants, caught up in 
oceanic vortices, have been discovered in British seas^^ {sec p. 184), as off 
the Orkney Islands and west of MuU and in the English Channel* and once 
off the Murman coast and North 
Cape, Nonvayj 265 and even near 
Benmuda.^^ Yet a list of all 
the extraordinary^ berg drifts 
showed that in 20 years only 24 
bergs passed the 40th Farallel.^^- 
The influence of the Gulf 
Stream is seen in the pressing 
back of the icebergs to about 
Bear Island and of the pack-ice 
to the north-west of Spitsbergen 
(“Whaler Bay^“) in Lat. 81" N. 
and the “North Hay” (Aonf- 
Bukta) found especially in June 
in 72-75* N, Lat.p zoo km north 
of Jan Mayen. 2 ^ Generally* 
the waters of Iceland, Jan Mayen 
and West Spitsbergen are ice- 
free* though in early spring in 
some years the limit of sea-ice is 
near north-west Iceland, touches 
jan Mayen and closes the west of 
Spitsbergen and Bear Islands 
'Ilie limits and stale of the 
Arctic drift-ice are given in 
various publicationSp including 
the Ice Atlas of the Northern Hemisphere* Hydrographic Office, H.b. 
Navy. Np. 550, 1946 {which gives the distribution of sca-icc and nvcr^ce 
of the hemisphere, and the distribution of $ea-ice in the Grand Bank 
region, Baltic Sea, Black Sea, mite Sea and Sea of Okhotsk) and the Annual 
Reports of the State of the Ice in the Arctic Seas (hforkoldene i de arktts^ 
Have), published annually between 189+ and 1939 and since 1947 by the 
Danish Meteorological Office, Copenhagen,^’ In these a general summary is 
followed by detailed information on (i) the waters arwnd Novaya Zemlya 
and Spitsbergen, (2) Greenland Sea and Denmark Strait, {3) No 1^ Atlantic, 
(4) Davis Strait, Baffin Bay, Hudson Bay and Strait, and (5) Sibenan Sea. 
Bering Sea and Strait, and Beaufort Sea. Reports of the state of the ice in 
Davis Strait^^ (1S20-1930} and in the seas off tht U.R.B.R. for the winterjj 
1024—31,2^^ including the Kara Sea, have also been published. In winter, 
ice forms over the whole of the wide continental shelf of Si^ria, because this 
is shallow and because the large Siberian rivers dilute its s^-water: the 
thickness in late summer averages c. z m, and in late winter 3*5 
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Map of the mean kfl'coodiiicini in ead^ of the 
summer rnonUiH in the Barents Sea. B, Schuk* 
y. Cvnttii 5, I93°t P> 














sea-ice: drift-ice 


196 

The existence of an open polar sea within the pack-ice was often discussed 
in the 19th ccxituty.^ It is now knoviTi^ however, that the deep centre of 
the Arctic Basin, c\ 2 million $q. miles (c. 5 million sq. km) in extent or 70% 
of the whole basin ^ is permanently occupied by old and hea^y ice. the “ polar 
ice-capNorth Polar pack” “polar pack-ice"centra] ice”. "North 
Pole Ice”). Characterised by great solidityp vast fields and massive rafted 
hummocks, this ice is centred about the Ice Pole or Pole of Inaccessibility 
(83-85* N. Lat., 170-180''W. Long)-^thc eccentricity of this pole is due to 
the great "bays” on the Atlantic side (see below). Together with the 
Antarctic ice-sheet, this ice constitutes to-day the greatest terra mcognita of 
the earth. Its margins fluctuate with the seasons, and cold ocean currents 
carry the ice of its fragmented border to \varmer climes. 

The average ratio of ice-drift to surface wind velocities was found for 
the Fram and Sedov and later for the Beaufort Sea to be 1-2%- The From 
discovered that the drift of the seadee in the Arctic Ocean not at 45* to 
the direction of the wind^ as required by V. \V. Bkman's theory of wind 
currents (1902), but about 30* to the right of that direction. On the north 
Siberian shelf the drift has a velocity' of i'75% that of a given wind, and is 
directed at ^8^33° to the right of the svind—the discrepancy may be due to 
the resistance against motion offered by the ice itself. In spring, when tlie 
ice is tightly packed^ tlie velocity is i -4% and the angle of deviation about 15*^ 
but in the late aummer, when open lanes exist, the corresponding figures are 
2^4% and about 40*- 

The drift across the Arctic,^ which takes 4-5 years to accomplish, is shown 
by the drift-wood (conifers, especially Siberian larch) from the Siberian rivers 
found on the shores of I'rariH Josef Land. Spitsbergen, Jan Mayen and 
Greeniandj and that from the Mackenzie River which is found to the w'est as 
far aa Alaska. It is abo proved by the drift of the and the yeaneite^^^ 

and of the Russian North Polar station of 1937^^^ which showed a daily 
average of 9-1 km that increased southwards and became as high as 42 km, 
and by the drift of the MaoJ^ Sedbx?, Lenin and St, It b depicted 

on the accompanying map^^ (fig. 43)^ The strength of the East Greenland 
Current, which consists of polar water in the main north of the Icelandic- 
Greenland Ridge (derived from cold surface waters of the polar basin) and of 
Atlantic water south of the ridge.^^a &hoivn by the fact that the bulk of the 
f, 5000 cuh km of river-w^aterj the r* 30,000 cu. km of Pacific wraterp and the 
more than 100.000 cu. km of warm Atlantic water escapes by this route.^™ 

The pack-ice (Gen Potkmi Fr. ghee de park; Russ, pah)^ whose general 
movement i$ anticydanic, invades the North Atlantic Ocean by two routes: 
(d) along east Greenland (see above and below) and (ft) along east Canada^ 
This $tream is fed into Baffin Bay and Davis Strait through the tortuous 
channels of the Arctic Archipelago. There is no discharge through the 
shallow Bering Strait, though much of the northern part of the sea freezes 
over during the winter.^so 

The limits of the Arctic pack move with the shifting of the Arctic w'ind- 
shed which forces the polar ice to approach notv the Pacific, now the Atlantic 
side. A 4-5-year period is recognisable near Iceland, as the inhabitants of 
that island beUeve. and has been proved for the sea between Novaya Zemlya 
and Cape FareweU and Jan Mayeri.^^ It seems to exist also on the opposite 
side of the Arctic Ocean though the evidence here is less fuU and precise,^®^ 
The temperature of the Gulf Stream not only influences the number of bergs 
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reported south of the 4Slh Parallel in the west Atlantic but the snow-cover in 
Barents An unusuaJly warm period allowed Fran^ Josef Land to be 

drcumnavigatcd on the north in 193^^ and open svater to extend in ^935 
to Sa® 41", the highest point ever reached freely by a ship. 

The mutual influence of padt-ice and air-pressure in their distribution has 
been showm for the northern and southern hemispheres.^^ Cyclone tracks, 
for example, tend to swing equalorwards in years of heavy ice. 

The drift-ice of east Greenland,^ which is narrowest in August and 
September and a few hundred kilometres broad in winter, encloses Jan 
Mayen, and reaches about the north coast of Iceland w^hcnce ciiirents 
carry it in late winter or early spring along the cast coast. It moves with 
a considerable velocityand consists of three elements: (i) an outer 
fringe of flat, young floes averaging t^i ‘S m thick and derived from seas 



Fidr + 3 ^ —Drifts of the Si. Fram^ Lemti, Stdov, Joseph 

iJid Pspaniji'a North Polar m the Amtic OceAn. N. N. Zubov, 

N. 14s, I94n, p. S 37 ; cf. C. J. Web^ter^ 7^ I 9 S 4 > P- 61, 5 g. 3. 

north of Spitsbergen—in a " dose season " (Ger. Sudeisjahr) the east Grcen- 
land and east Spitsbergen ice unites (2) heavy polar ice, the Sf&ris of the 
Danes—thia is a translation of the Eskimo word iikorsstiii (great ice)—3-5 
years old and 3 m thick which is subject to pulsations in the polar basin, 
especially in winters p (3) and a wide inner zone of floes^ some of them 
hundreds of square miles in area, descended from fast ice (see above). 

The ice along this coast is so thick and dense that it is impassable for ships 
from north Greenland to 77° Lat. Betw^een the parallels of 77“^ and 70 N. 
it broadens out and becomes passable and is skirted by a coastal channel kept 
open by melt-waters. From jo'* N+ to Cape Farctvell, the coast is again 
blocked by ice of the Irminger Current* though at the cape the quantity is 
much reduced through melting* tain and sea. West of Cape Farewell, 
east winds, blowing parallel to the coast, keep the pack open so that Ivjgut 
and Julianehaab* w-here the Siori^ makes its appearance on an average about 
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25 are accessible to ships all the year round except occasionally when 

south-west winds prevail^ 

The distribution of the various t)^pes of ice off north Greenland was 
mapped by L. Koch^and in Davis Strait by Speerschneider2^^1820-1920). 



Fig . 44. Map of the of the ice in the Biikic Sem in nonrwil w Lnte-rv. 1. 

A i\f. 93, 1948, pL ID, i. 


In this strait and Baffin Baj% the winter ice consists of fast ice along the shores * 
and in the fjords of Baffin Land and of Greenland north of Holsteinborg^ of 
central pack-ice from I^ncaster, Jones and Smith Sounds, and of Storis or 
heavT arctic ice from the ^at Greenland Current. The yearly reports of the 
Ice Patrol (sec p. 183) give much information of the ice-conditions of the 
North Atlantic, particularly of the drift-ice in the neighbourhood of the 
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Grand Bank which consists of sea-ioc from Labrador and berg or Wes^ieis 
froin west Greenland. The Adas der EisterMttmsse im Nardiiflatttisehen 
Ozeafj {Deutsih^ See^arte)^ 1944 gives the average ice-C!onditions for this 
ocean during the years 1919-43, including the winter months. A later 
edition was issued in 1950 (J. Biidcl). The conditions in Finnish and Russian 
waters are given in the Alias d^ Vmisiittgsverhditnisse dtr Kmiaige^dsser 
Riissltwds uttd Fumlarids 1942. 

The amount of floating ice, melted per annum^ has been calculated to be 
32 million cu, km for the southern hemisphere and j million for the Arctic 
Ocean, while the difference in range between winter and summer ice-fielda 
has been estimated at one-eighth of the earth’s surface.According to 
Krummelp^- 12,700 cu. km of drift-ice leave the centnil Arctic basin annually 
between Greenland and Spitsbergen^ ^oco by Bafhn Bay, and 2000 betw^een 
Bear Island and Fransf Joaef Land. 

In the Baltici^^ the parts most strongly affected are the gulfs of Bothnia, 
Finland and Riga—the conditions in the Barents Sea greatly influence those in 
the Gulf of Bothnia. Fast ice occurs along the coast and beti.veen the islands: 
the average thickness in the Gulf of Bothnia is 7^75 I mmediately out¬ 

side this 2one is a narrow band of broken but firm ice followed outside by 
pack-ice and polynyas and loose and drifting sea-ice which covers large areas 
and sometimes ^umes the shape of pancake ice. In severer and longer 
winters^ the duration of the ice along the coast and arnong the islands departs 
much less from norma! than at the outer limit of the ice. The average dura¬ 
tion of the ice (in weeks) in the Gulf of Bothnia and during verj^ severe and 
during very mild winters has been investigated and mapped, also the 
isokTyonefi for the mean beginning and ending of the ice-pciiod in the 
Baltic (fig. 44)- Fast ice appears in the autumn in shallow^ and protected 
coastal bays on the northern part of the Gulf of Bothnia and inner angle of 
Gulf of Finland. Thence it extends slowiy outwards though with regres¬ 
sions due to temporary ameliorations of conditions. In the southern Baltic^ 
the duration is longest in the shallower parts and is controlled by the severity 
of the frost. In the open Balticp the formation of ice is hindered by con¬ 
vection currents which bring up deeper w'aters. 

Hudson BaVp^ which is open to the influence of both .Arctic and Atlantic 
waters, freezes over in the late fall and is completely Frozen from January 
until Junci except for a coastal lead separating fast ice from the central pack 
and small temporary leads or fissures in the latter which are produced^ by 
storms and tides and other stresses. The drift is counter-clockwise: the ice- 
presses against the east side of the bay and Anally escapes northwards into 
Hudson Strait. 

3, Lake- and River-Ice 

Detailed studies have been made of the ice and ice-conditions of many 
lakes, the most important of which are Lake Balaton,^^ Lake I^unx,^^ lakes 
in the Austrian and eastern Alps,^^^ ST.vit2crland,^^^ Bavaria,^ Scandina¬ 
via and Poland,^ and the Caspian Sea^^ where the shallowness of the 
sea and its accessions of fresh water in the northern part favour the forma¬ 
tion of ice—the mean duration in the north is go day’s. 

The time w'hen lakes frees^e depends upon themiial and hydrodynamic con¬ 
ditions.^ viz. the temperature of the air. the strength of the windp the 
intensity of the radiation from the water and the heat supply' of the lakes on the 
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e¥e of freezing—this is one of the main reasons why lakes frecsse st different 
times. It is also affected by the lake's depths the character of the shore, the 
presence of islands and bays and the strength of the water-currents*™ 

Equigbdal Jincs or “congelonts"' were subdivided by Rijkatschew^*^ into 
iSGisks or lines of synchronous freezing, isop^tics or lines of synchronous 
thaw and or lines of equal icc-duration. He constructed such lines 

for Europe and Asiatic Russia and found that the curves w-ere directed south¬ 
wards in accord with the isotherm of 'Ilic isatnAs and isopectics of 

European Russia are given in the following map^^ ^ {fig. 45). Such Une$ have 
also been examined for FennoseandiaA^^ the Baltic Scap^^^ north Bohemia, 
the Danube Basirip^^^ Galicia,the Caspian Sea^^^ and the lakes of north 
AsiaA^^ G. Schwalbe^l 5 > jjiY^estigated the icc-condidorLS on German rivers and 
found the extreme north-east had on an average 104 ice-days during the year 
with 86 days of “fast ice The number of such days gradually diminished 
across the Vistula, Oderp Elbe and VVeserto the Rhine which had only r6 and 
13 days respectively and the Ems 10 and 5^1 days. The number in Poland 
increased eastwards: it was 61-70 on the VV^arthe and Vistula (at Warsa:w)t 
71-80 on the Niemen^ 81-90 on the Dniester, and iii-izo on the Pryped. 
Congclonts are related to the mean winter temperature^ modified by such 
other factors as the river's velocity and the condition of the tributaries. 
Observ^ations prm^e that sluggish rivers with bw fall freeze earlier and are 
freed later than steep and rapid rivers*^^*^ 

The duration in days of the ice-cover on mountain lakes rises with altitude, 
e.g. Upper Arose l^kc 150^160- Great St. Bernard Lake (2446 m)» 

211-230; Lej Sgrischus (2640 m), 240-265 and Lcj delk Pischa (2780 m), 
365.32J 

The first ice, paitjcularly in a flowing stream or on a broad lake fully ex¬ 
posed to a strong wind, is usually the frazib or anchor-ice (which forms 
in tu rbuleiit waters), together with snow- or ice-scum. This Boats and gradu- 
ally builds big fields which quickly *' set" into a solid, frozen sheet which 
grows continuously by conductionThe pans of ice are carried dowTi- 
stream and touch the cold shore where they freeze tight, catch other pancake 
and finally jam the river from shore to shore. Pancake-ice also forms even 
in terapetate latitudes,as in France and Switzerland and on the Pennine 
Chain of England. 

Once a continuous cover is created the freezing process enters a nc^v phase* 
Heat is lost only by conduction, and since ice is a poor cx>nductor the tempera¬ 
ture gradient in the ice is steep. 

In all kinds of water-ice, e.g. stream-, lake-* fjord- or sea-ice, as w-cl! as in 
encrusting ice, be-stalactites and iee-stalagmites/-'^ plates oonstiuite the 
fundamental fee-form (prisms arc pbtes united). They owe their formation 
to intermittent cry'stallisation.^^ Each plate is uni-axia], as was sho%vn by 
Brewster, Klocke, Rcusch and Tyndall, and elasticity experiments and 
pr^urc-figures have confirmed.^^* The axes of the crystals, often de¬ 
scribed,are parallel to the direction of the temperature-gradient or normal 
to the w'aler-Eurfact as seen in polarised light, During growth, plates are 
added to the ba$e of the prisms; the purer the w^ater the greater is the 
length w^hich may be several snehes.^^^ 

The prisms^ orientation perpendicular to the cooling surface, seen too in 
their radial arrangement in dust-wells {sec p. 60) and their horizontal disposi¬ 
tion in crevasses (sec p. 49), may be because heat is more readily conducted 


LAKf-- ANI> K 1 V£R-[CE 


201 












202 


sea-ice: drift-ice 


along the principal axis,^^ because there is free space for trj'siallisation,^^^ 
or because the ice grows under pressure.^^- The vertical arrangement ex¬ 
plains the high load of kkc-icej-^^^ viz. 260 Jb/sq, in., as against tlie 185 Ib in 
glacier-ice whose plates are \ arEoiisly orientated* B. Weinbergdetermined 
the coefficient of intemaJ friction. 

Cholnoky^^^ described the early stag® of lake-ice* In quiet, supercooled 
;vaters, the needles arc horizontal and disposed in feathery^ aggregates at angles 
of 30®, 60®j qo'" and 120"^ with each other, though in the initial stages they are 
not definitely orientated*^^^ Those below the surface thicken and unite to 
form pancake-ice (Forel's gkfon-gdteau^^'^}. The rate of growth^ which con¬ 
trols the air-contentj is quicker than in sea-water in which the sinking cold 
solution, formed by freezing, forces the warmer water to rise. It is gTOvemed 
by temperature, wind^ snoAv-cOver and doudincss, and is at first rapidt later 
less rapid—it is inversely proportional to the square of the time.^ 3 S Jn 
jVlpinc lakes, the ice grows to a maximum thickn®s of So cm, in Nor\vay to 
70 cm and in Sweden to i m .^39 

Lake-ice is warmer than glacicr-ice by an amount ivhich jnereas® do^vn- 
wards. Cold w^ves do not lower the temperature so much as initiate freezing 
at the base, the latent heat warming the icc.^ Stefani showed mathe¬ 
matically that the cover can thicken for a time after the low' temperature has 
ceased because the cold wave continu® to pa^ through it. 

Lakc-ice undergoes no change of structure unless melting and refreezing 
supenene.^-*! These give rise to transitions betT.veen water-iec and glacier- 
ice and even, as some assert,to true granular ice. 

Warming by sun's rays produc® Tyndall's melt-figur® (see p. 5S) in the 
planes of the impure layers. It disintegrate the ice into its separate prisms,^ 
the ^^ice-candles” or “prismatic ice”. The falling asunder is owing to im¬ 
purities in the interprism films—the diflferenee between sea- and lake-ice 
from the point of view of impurity is only one of degree. 

Plates in river- and stream-iceform at the surface^ at first in shallow' and 
quiet plac® along the banks and about boulders. 'Fhcy lie parallel with each 
other and partly oblique to the surface. They thicken and build a lattice 
structure w^ith new ones that gro^v in the intenTning spaces. In running 
water, they are smaller than in lak® or ponds. Streambanks retard their 
growth. Anchor-ice furnishes some of the crystals. 

Anchor-ice. The ice-formation is quite different w'hen the sir®ms have 
an eddy motion. Then the ice grows as swimming crystals and at the bottom 
as anchor-ice (Ger, Gnmdeis; ¥t,glac£ de fond). This ice, since R. Plot first 
noted it in his Natural Ilsstor^^ 0/ Oxfordshire (1677), has been the theme of 
many d®eriptions^: O. Devik^^^ has discussed its formation and growth 
both mathematically and physirally. As its name implies, it is attached or 
anchored to the bottom of water-masses, including such shallow seas as the 
Baltic and Kattegat and Nonvegian coastal waters^ down to 60 m. It also 
occurs^'^^ off Labrador in 10-15 fathoms (18-27 ^n), on the Banks of New¬ 
foundland, and off South Victoria Land. It grotvs in rapid rivers, as in 
Canada, though the frazil ice of French Canada is not ground-ice^^ but a fine 
spicular or disc-shaped surface-iee formed in streams flenving too rapidly to 
form a surface-sheet. It occurs in north Russia and north Siberia (Irtysch, 
Taimyr, Anabar) and Novaya Zemlya, where swift currents prevent surface- 
ice from growing but anchor-ice may choke the whole channel and cause 
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Acpodmg if the cold is prolonged. It b also important in connexion with 
power-plants (see below). 

Anchor-ice is a spongy mass (in appearance not unlike frog spaw^n) of 
interminglingp spicular cry^stals and partly bedded thin plates or rounded 
discs. The icc-partfclea occur as colloids in tiny, rounded plates^^* which 
adhere by regebtion. They grow^ up to i m thick in arborescent forms on 
days w ith strong cooling but build more massive and compact layers on days 
of moderate cooling and slower prodociion. Such ob&erv'ations aiS have been 
made prove that a thickness of 075^1 m or even 1-5 m may grow during one 
night.^ 5 ^ Growth from the bottom increases until the lifting powder due to 
the lighter specific gravity, aided by the penetrating sun’g rays at daylight 
which warms the dark rocksp overcomes the cohesion of the ice to the bottom 
so that boulders, etc.p are raised to the surface: lost anchors appear in this w'ay. 
'rhe ice bursts up tvith seal-nets and ropes or with a Ichad of seaw'eed+ froiien 
mtid, sandp shingle or slabs of rockp especially in early mornings following 
clear, cold nights. Boulders are upheaved if they rest on other boulders or 
if their base of support is narrow. 

M, Arago^-^ thought anchor-ice only grew^ in slowly moving waters at the 
bottom of a stream on pointed boulders or pieces of w'ood, mouths of fish, etc., 
which acted like ice crystals in an oversaturated solution ^ a view^ later developed 
by W, Rdntgen^^ and G. Tammann.^^^ Growth is only possible in 
running waters since only these can be coaled to the bottom, partly by con¬ 
duction and radiationpitncipally by turbulencew^hich in a few minutes 
transmits the cold to the bottom and causes a no ies^s rapid earning off of 
heat from the surface. The vital part played by turbulence is proved by 
experiment.^^^ Undercooling is apparently a necessary conditionthough 
some Writers deny it^^; the amount in Russian rivers w^as 0^001 ^C, ex¬ 
ceptionally o-f though in laboratory experimentSp in which seeding by 
ice-cry^stals is carefully avoided, supercooling may be 5-io''"C.^- I'he con¬ 
nexion with the specific heat of bodies at the floor was shown by Keever and 
proved experimentally.^^ In hydraulic powder plants anchor-ice is prevented 
from forming by heating the grids in the front of the inlets to the turbines 
and by streamlining the inlet passages to reduce turbulenceA^ 

Anchor-ice is not confined to fresh water. It is found in seas {$ce above) 
in w'hich the overcooling depends upon the salinity and possibly upon 
currents of different salinity or upon emergent springs.^ 

G* r.ussac^'^ attributed the formation to small ice-needles descending to 
the bottom w'here cooling caused them io adhere. This view^ though not 
unsupported,is improbable^ since surface ice-needles are not observed 
in such situations nor are they heavy enough to make the descent. Some 
winters are of the opinion that the ice may cry stallise anywhere i n the water. 

Anchor-ice is unkimw^n beneath bridges, overhanging rocks, trees, surface- 
ice or other obstacles to radiation or on sunny days or cloudy nights. In 
the Antarctic, how^ever, it is independent of the state of cloudinesst the 
Colour and constitution of the object on which it grows, and the freedom of 
the water from ice, the over coaling being brought about by other means.’^^^ 

The conclusion that anchcr-ice grow-s at any depth, pro^-ided the vertical 
temperature distribution permits cold wedges ta farm betw^ecn twa warmer 
layerSp^^^ finds a basis in O. Pcturs&on’a discoveries in the Kattcgat*^^'* 
Observations on Russian riverssuggest, however, that interrnlngHng 
maiiitains an energetic exchange of heat betiveen the cooled surface and the 
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bottom, the litter without appreciable radiation, thus affording a mean^ for 
continuous supercooling and cr^-stallisation. 
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PART II 

GLACIAL GEOLOGY 





{A) GLACIAL EROSION 

Chapter IX 
GENERAL PROBLEM 

About one-tenth tO'7%)l of the total land-surface of the globe h at 
present glacierised and about one-third was glacEerised during the Glacial 
Period, These figures give a measure of the i mportance of the glacial p rocesses 
and their morphology in one of the principle fields where stratigraphy and 
physical geology meet. 

History of views^ Attrition by moving ice, connoted by ^*cxa^ation^^^ 
"'glacerosion*''^ or other words^ not so good as the general word ** erosion 
("corrosion’" has been employed to denote low'cring by glacier or river*), has 
been the theme of proJonged debate. Its recognition followed long after that 
accorded to ravers. Failure to appreciate the glaciers' physiographic role was 
because their extent was more limited and their action less obtrusive^ though 
often erratics are impressive and drifts immense. Effective glacial erosion 
was only tardily accepted: it is still stoutly contested. 

In the early days of geology, when under the belief in the Deluge erosion 
of any kind was not well assured, the glacier's share in the origin of valleys 
was naturally not particularly considered, Ice-marks only drew the attention 
of geologists and Arctic explorers as signs of previous glaciation. Forbes,^ 
for example* confined himself to pure djescription+ Yet F* Le Blanc® 
recognised the glacial relief or glacial it later came to be called 

(see p. 227), and distinguished regions which are or have been glacierised, 
and J* A* De Luc^ and N. De$niarest,i*^ obsei^Tng glacier-debris and the 
rounded blocks in Swiss moraines, almost simultaneously (in 1779) concluded 
that ice eroded. But while De Luc thought ace was essentially conser^^ative* 
J, Esmark^i (18^7) ascribed to it the Norwegian fjords and Agassi:^^^ (^S37}p 
who thought it rounded the angles and planed the surfaces, judged its power 
to be considerable. Thus early appeared the cleavage of opinion that still 
persists. 

The following decades, devoted mainly to ice-structures, causes of ice- 
flow and the extent and direction of movement of the Pleistocene ice, had only 
an occasional advocate of icc-erosion^^^ Esmark, as w'e have just seen, invoked 
this action for fjords, as did Dana,^'* while J. Y, Hind^^ postulated it for the 
Great Lakes. Ihe main controversy opened whh Ramsay"'s papers^* (1862, 
1S63) which maintained that ice hollow'ed out rock-basins, Ramsay's view^ 
which could only have been promulgated at this time when the Pleistocene 
glaciation of inountain regions had won general acceptance (see ch, XXX)^ 
found much favour {sec p. 265). Extreme protagonists extended it to 
cirquesand U-valleys (see 319)^ The contrqvcrsyp after a lapse of a 
few' decades, was renewed about the close of the century when morphological 
studies led A, Penckin the Alps and E. Richterin Norw^ay to postulate 
much erosion. They caused the tide of opinion, which has at times supported 
the doctrine of profound glacial erosion and at others discredited it, to set in 
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Strongly in favour of the theory . revived* this took the severer form 

of tlte Ij-valley* as advocated in North America^^ by W, M. Davis and G. K. 
Gilbert and in Europe by Penckwho raised many new problems and 
awakened fresh interest. These glacialists demanded a degree of erosion 
which far surpassed the claims generally made in Ramsay’s day: the focus of 
attention shifted from rock-basins, the subject for example of J. Geyde^s 
various essay's on ioe-crosion (sec p, 265), Yet, there is to-day a distinct 
reaction from the ™ws that prevailed at the opening of the century* Once 
more the pendulum of opinion lias swung from the theory' of exc^ivc gbdai 
erosion to a position perhaps midway between the extremes: it cannot yet be 
said to have come to rest. 

Two schools* There have been two $chooj$ of thought* diametrically 
opposed, since glaciera were first recognised as an erosive force: the one 
credits glaciers with virtually no such powers, the other raises them to be the 
severest denuding agent kno^Mi to geobgy. The conflict, it has been said^ is 
between glacier experts and physiographers. While fe\v geologists^ who 
have Laboured in the glaciated territories of North America or north Europe 
have assigned to ice a conservative role* almost all glacier experts have 
believed that ice was essentially incompetent and merely put the finishing 
touches to a pre-existing topography. They have included Alpine glacial- 
istSp^ e.g. L, Agassiz, E. Desor* A. Escher, B. Studer, A. Heim* E. Rjchter, 
L. Riitimeyer, F. A, Forel, ]. Solch and R. v, Klebdsberg, and those familiar 
with ice in the AJps and elsewhere*^'* e.g. C. Martins, T. G. Bonney, E. J* 
Ganvoodt J, W* Gregory* M, Conway, D. W, Freshfield^ S. Medin and E. 
Whymper. Early French geologists, as E, de Beaumont, E. J. d'Archaic^ 
E, P, de Vemeuil, A. Daubr^e* E* Collomb and C. Grad, almost unanimously 
shared this opinion,^ J, Ruskin^^ expressed it in its extreme form; ice acted 
as a sponge to remove what water chiselled; it could no more scoop out basins 
than the custard could deepen the pic-dish. Interglacial epochs, it is said,^ 
were periods of valley excav'ation, glacial epochs times w^hen land forms w'ere 
conserved. Glaciation means relative cessation of valley formation^* 
{Gletsch^periodefi sittd Ruhtpenoden) since the ordinary naturd processes arc 
arrested or in abeyance, the nxka being shielded from frost, from appreciable 
changes of temperature, from alternate wetting and drying* from avalanches 
and from chemical and plant action. " Ice is nature^s substitute for sand¬ 
paper*”^ 

Antarctic ice is no exception^; it has a low’ velocity (see p. 104), few 
streams and little frost action or debris. 

" Glacial protectionists^* discriminate between the transporting and erosive 
pow'ers of ice, 3 i conceding great cfEciency to the one (blocks of 8000 cu* m 
have been seen in transport) and denying it to the other. 

The other school of disputants has credited to ice the major physical 
features. Ice scoured out such sca-passages and inlets as the North Channel,^^ 
Menai Strait,Bering Sea and Strait,^ Cabot Strait,^^ Buy of Fundy*^ 
Norwegian ChanneP^ and submarine canyons.^* Entire valley s>'stems,^ like 
the Irish glens,the Norwegian fjords'W and the valleys radiating from the 
Fens*^^ are but gigantic grooves w hich the polar ice engraved on a magnificent 
scale. Ice completely obliterated the mature preglacial relief and drainage 
plan of the w estern jyps*^^ planed off the summita and crests of the Vosges*^^ 
and wore down the great plains of Europe and Asia,-^* including the plateaux 
of south-west China. It evened the $ubmergcd ridges between Scotland, 
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Faeroes, Icelajad^ Grcefti^d and Baffin Land^^^ broke the continuity of the 
continental shelf of Nonvay,^ and created the shdFs low level off all 
glaciated coasts.'*^ 

In the theory's mq$t fantastic forrn^ the tiniversal ice scooped out the Red 
Scap Arabian Sea, Persian Gulf and even the ocean basins.^® 
modest was tlic claim that the prodigious erosion caused the successive Ice- 
sheets to decrease progressively'*^ and finally to disappear. 50 By lowering 
the surface of the countrj^ they warmed the air, curtailed the snowfall and 
starved themselves: they dug their own graves. 

These extravagances require no refutation. But between the glacial 
ornamentationof the glacier experts and the '‘glacial architecture” of 
workers in glaciated lands, c.g. E, Briickner^ M. H. Close, J. Geikie, A. Ilcl- 
land, J, B. Jukes, A. Penck and A. C. Ramsay in Europe. T. C. Cluimberlin, 
R. A. Daly, W- i\L DaviSp H, Gannett, G, K. Gilbert, W. E, I^gan, J. S. 
Newberry ^ R. S. Tarr and C. Whittlesey in North America, and J. v. Haast 
and J. Hector in New Zealand, there are all manner of gradations. No ^vondcr 
this question has occasioned a wider divergence of opinion and consequently 
a more voluminous literature than any other branch of glacial geology” it still 
remains a vexed problem. 

Nevertheless, unanimity now obtains on two points: that mountains, 

plateaux, escarpments^ major valleys and river systems are, with other leading 
features, preglacial in date and origin' secondly» that the ice stripped off the 
preglacial soil, weathered material and mantle rock, notably on the uplands, 
and rubbed down minor inequalities, in the process striating, grooving and 
polishing the rocks, rounding the hills, and broadening the valleys. I'he 
question at issue is narrowed dowTi to the smaller one of magnitude and in¬ 
tensity* namely^ in w^hat ways were such intimately related features as rock- 
basins, cirques, U-valley^ and fjords eroded ? (see chs. XII to 

Difficulties^ Formidable difficulties stand in the way of a solution; for 
the problem contains many conflicting and uncertain elements. Apart from 
a few' inconclusive figures (see p. 222), no quantitative results are available. 
Rock-surfaces, glaciated under the thick and freely moving ice* have been 
later subjected to the modifying action of the thin and dw^indling snouts*^^ 
They are often masked by screes* glacial deposits or standing ^vater. The 
sole of modem glaciers, the seat of erosion* h only open to inspection at the 
bottom of bores, e.g^ in the Hintcrcjsfemer,^^ in shallow crevasses, e.g. near 
the Jungfraujoch ,55 in ice-free windows, e+g- in the Rhone ice-cataract* 5 + in 
tunnels driven through some Italian glaciers ,55 in moulins (Carol, 1944)1 or at 
the margin—it was said in 1907 that the total distance man had penetrated be¬ 
neath the world^s glaciers did not then exceed 500 In the Antarctic* the 

larger of the two modern ice-sheets* the edge itself is mostly inaccessible. 

Contradictions occur in everything pertaining to ice and its work* Rigidity 
is opposed to plasticity; and incoherent accumulations are severely folded 
and eroded or are overridden without disturbance (see p. a 18). Although 
these manifestations arc certainly reconcilable—some indeed are associated 
with running water or other geological agents—they inevtlably throw the 
argument back upon our conception of the physical conditions at a glacier's 
base and upon our interpretation of glacial topography- Hence, different 
aspects and arguments have borne the emphasis during the v-arious phases of 
the controversy. The subjectivity of much of the evidence has caused 
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as5<;rtion to standi against as^rtion and has split opinion about the rate, 
amount and method of glacial erosion. 

The loose meaning attached to the very words ke-erosion has introduced 
iinnccessarj' confusion. Is a glacier's competency to be measured fay the 
absolute amount of the erosion or by its ratio to what other subaerial agendca 
like rains and streams might have accomplished in the same area over the 
same period? 

An appeal to modern glaciers, unfortunately, is of little avails since at their 
margins loads are excessive (see below), thickness and motion are at a mini¬ 
mum, and the soles are at melting point and commonly separated from the 
ground beneath by hollows, caves and channels. Both the Greenland and 
the Antarctic ice-sheels are thought to be protective(see ^12)* Further, 
the glaciers are generally in a recessive phase (see p* 146) and repose in valleys 
which are broader than their present dimensions require: “lateral moats” 
many hundred metres wide separate the Ferrar Glacier from its rocky vvalls.^* 
Manifestly, evidence of glacial erosion is no more to be sought here than is 
proof of strong fluviatile erosion to be looked for on desert plains where 
rivers diy" up^ There is, indeed, practically no glacial erosion in these posi¬ 
tions^^—an advance left intact the chisel marks in a marble quarry at the foot 
of the Lower Grindelwald Glacier"^ (cf+ p. 222)^ 

Methods of cfosion. While some early writers like Charpenlier and 
Agassiz attributed any erosion there might be to the ice itself, others directed 
attentioti to the weight of the embedded bouldcrs,^^^ That clean ice^per se 
can remove only loosened waste and trivial amounts of live rock has long been 
admitted*^; its relative softness is adequate justiheation if we remember that 
a glacier's base, except near the margin, is at or only a little below o^^C (see 
p. 107) and that the hardness of ice in Moh^s scale varies as follow'sa few^ 
degrees below o'^C, i-a; — r5'^C, 2-3; — r+ 4; — 50^C, r, 6. 

The higher and colder layers do little*^ since they are fairly clean or hold 
their debris insecurely. Although the latter makes ice an efficient agent, the 
erosion is raised up to a certain point only beyond which it is diminished by 
retarding the flow. Di-seussing the effect of this ratio, 1 . C. Russell*^ showed 
that abmskn is severest If the bottom layers are lightly charged and that one 
of the factors diminishing it towards the snout is the excessive load of basal 
and englaeial debris which, as elsewhere, may lead to immobility (see p. 230). 

The mechanism, though not fuUy understood, involves wear by subglaci^ 
streams, especially near the margin (sec ch- X); abrasion, induding striation 
and polishing (see ch. XI)j plucking along structural planes (see p. 249); 
overcoming the cohesion of the cementing matrix in rocks by ice-pressure 
(see p* 253 ); changing pressures at the sole {see p. 301; thrusting of boulder- 
clay Intu joints and other planes (see p. 364); and infiJtration of muds and 
subglacial waters, including diose derived by earth's heat, under the great ice- 
pressure into the rocks which they attack chemically and mechanically.^ 
Several geologists,*^ including Ramsay, stressed the weight of the ice. But 
mere weight is unavailing since it is less than the crushing strength of rocks*8^ 
—icc^ 300 m thick, exerts a basal pressure of r. 300 bars, i.e. only about 
one-hundredth of the pressures commonly used in P. W. Bridgman's 
laboratory, lienee^ rock-crushing is either non-existent or quite trivial,^ 
though it influences plucking when combined with flow. The latter is the 
vital factor as Tyncbll recognised; its power may increase with the third 
power of the basal velocity^* or more probably, ^ experiments with other 
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solids show, approximately mth the first power^^i Little depth and high 
velocity may accomplish as much as great depth and small velodty^^^ Since 
plucking exceeds abrasion (see p+ 250) and is encouraged by small thickness 
and great flow-pressure (see p. erosion may indeed be severest if the ice 
IS not veiy*^ thick. A critical mass and velocity are seemingly essential 
erosion being little up to a certain velocity but effective above this. Antarctic 
glaciers, flowing annually 30 ft (e. 9 m), may be below this velocityunless 
they move over soft or jointed rocks. ^Tiile static ice can only be protect! ve, 
glaciers which have a block-inovement (see p. itSj may erode severely 
fjord-basins may have been hoUowed out in this way 7 ^ 

Regional distributions. In examining the problem of erosion, certain 
regional differences must be borrie in mind4 The complementary^ processes 
of destruction and construction had their maxima in different areas; the first 
acted mainly in central^ mountainous regions where flow was rapid and the 
disintegrated products were quickly removed^ the second over the low peri¬ 
phery where the icc was thin and where sluggishness or stagnation w'eakened its 
powerThis crucial difference tvas only fully manifest if the icc could 
spread freely over low landsp since relief was largely in control over dissected 
uplands.^® Fhese distributions which, be it remarked. are not those of 
nourishment and dissipation of the ice itself, are particularly w^ell seen in 
north-west Europe where the frontier bettveen **exaration'" and accumulation 
bisects the Baltic,^ The erosive centre comprised Scandinavia and the 
region about the Gulf of Bothnia, as the Swedish and Finnish coastal direc¬ 
tions and outlines prove, together with the ares north of a line running from 
Caurland to the north-east comer of Lake Peipus.Drifts of any thickness 
are comparatively rare in north Norw^ay and cloak scarcely one-tenth of the 
country^^^ They occur however at AndO®^ and extensively in Lister and 
Jaeren in the south-west where they give rise to a type of scenery which is 
reminiscent of the North German Plain rather than of Scandinavia. Finnish 
lakes are chiefly nH:k-basin$j though drift determines most of the lake- 
contours. The average thickness of the drift in Norrland is 4 -7 In the 

Canadian Shield and Barren Ground of North America,*^ roches moutonnees, 
rock-basins and rapids abound and rivers appear unfinishedH 

The peripheral zone of aggradation (A. G. Werner's au/gesi^hwemmifs L^artJ) 
comprises the great north European plain, Denmark^ south-east S%vedcn, 
Lithuaniap Lat^ iap north-west Russia and the country east and south of the 
While Sea. The production of thick drift over much of this belt was furthered 
by the softness of the solid formations, e.g. Old Red Sandstone In the east 
BaltiCp Tertiary strata in north Germany, and Tertiary' and Cretaceous rocks 
in Denmark, as well as by the prolonged halts and marginal ablation that 
accompanied the recession. In this zone, striae are extremely rare+ since 
exposures arc few^ and the rocks unsuitable^ e.g* Mesozoic and 'Fertiary clays 
in north Germany and East Anglia and Mesozoic strata in South Wales. 
They are very rare* for instance, in Denmark {of, map and Hst®^), over the 
North German Plain (cf. list and map^^, in Poland, Lithuania and Russia,^^ 
and over the English Midlands.The control was partly lithological and 
partly glacial. 

The same is true of the corresponding belt in North America, namely, the 
plains of west Canada and the land south of the Great Lakes, where soft 
Palaeozoic and Mesozoic rocks prevail—in the Lake Simcoe district of 
Ontario, the boundary between the ice-erosion area and the drift area 
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co incides roughly with the Pre-Cambrian-Lower Palaeozoic junction because 
of the difference in lithology^ the soft Ordovician rocks being readily eroded.^ 
This is seen, for example, in the short Hat of striae compiled for New York 
State Soft sediments yielded abundant material for the stout moraines 
and thick drift sheets of the Middle West. East of the Great I^kes the drift 
becomes thinner and less continuous with the occurrence of more resisunt 
types of rock. 

Thick drift swathes the continental shelf off the glacierised lands of to-day 
and the glaciated lands of the Glacial period»aa off north-west Europe, Greeo-^ 
land, Patagonia and eastern North America.^^ The shelf is indeed largely 
encumbered with tiTrigenoUB waste, much of it glacial drift,for exampICj, 
off west Norwaywhere the drift consists of angular material containing 
much felspar and builds great shore banks and probably constitutes the flat, 
submarine floors outside the Skjaergaard and extends even dowti the conti¬ 
nental slope—submerged moraines have been recognised.^^ A like opinioit 
may be held for the Barentsi Sea,^ vvhose floor is st rewTi with rock-fragments; 
for the Irish Sea w^here glacial erratics abound^^; and for the Dogger Bank and 
shallow parts of the North Sea®® which have extremely few solid outcrops, 
have yielded a varied assortment of erratics and are swathed in drift which 
probably has largely filled in the prcglacial and glacial river-channels (see 
fig. 51, p. 256), In marked contrast, the floor of Ae English Channel which 
lay bej^ond the reach of the ice is mainly solid rock. The even floor of 
Hudson Bay, which owes its exbtence to ice-action,^ may be a consequence 
of glacial deposition. NeverthelcsSp the basins, troughs and banks of the 
shelf off glaciated lands have been interpreted as products of ice-erosion 

This distinction between a central area of erosion and a peripheral one of 
deposition is only broadly true. There are indeed four regions: a central one 
of non-erosion, a subcentral belt of maximum erosion and a submarginal belt 
of maximum deposition grading into a fourth or marginal zone of little 
deposition. 

That the centre, situated under the deepest ice, did not have the maximum 
erosion was due to the purity and feeble flaw^ of the ice (see p. 124)—the 
ice, it ha$ been said,!^^ rested on pressure-water or sludge ice. It has almost 
no signs of ice-erosion; erratics are local and angular, striae are few" and faint^ 
and valleys, as on the Nonvegian ice-shed, are but little modified Near 
the Keewadn centre, as A. P+ Low was the first to notice, rock-fragments arc 
angular and if rounded are the Cores of rotted granite and gneiss.l^ Gneiss 
in Labrador is not worn down to the level of the pregbcial decay in its 
intersecting dykes- its hills are sharp and angular; and the Pre-Cambrian 
surface, exposed to the Pleistocene ice, generally resembles that w'hich 
the Palaeozoic cover has protected. Elsewhere in the Canadian Shield, an 
intricate pre-Ordovician drainage pattern^ dosely adjusted to weak belts in 
Pre-Cambrian rocks, remains unaltered by glaciation save for some shallow^ 
rock-basins.l®* The valleys and central tablelands in British Columbia, 
which were under the Cordilleran ice, have likewise suffered little^o^; their 
very glaciation in Certain parts was questioned for a time.^'^ 

This is also true in the equivalent European areas. It was noticed, for 
instance, as early as 3 845that the Friktioftsphaemmenet was less intense on 
the central Scandinavian plateaux than along the fjords and margins of the 
peninsula. Pregbcial gravels and rocks, disintegrated dowm to as much as 
10 m or e\en 52 m, remain untouched on parts of the ice-divide in Lapland 
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deposits of impure kaolin formed by secular decay occur in east Finland^^^; 
wcatliered gossan from the preglacial 2cine of decomposed ores persists as 
boulders in north Carclia^l^; and Jakes are almost absent 

An earlier relief is locally preserved in the central * and preglaciai breccias 
in the eastern Alps.l^^ Remnants of a Pliocene weathered crust have per¬ 
sisted in the heart of the Black Forest's glaciationand a preglacial slip has 
survived in 

Erosion was small where the local ice was unable to escape,^ as in the 
Howgill Fells of England and in places in the Southern Uplands of Scotland 
(the overlapping spurs are intact), and was at a minimum in the ice-loggcd, 
diamond-shaped areas of flow (see p. 715). Such critical ice^relationships 
helped to preserve preglaciaily weathered Moine gneiss north of Blair Athol 
in the Scottish Highlands,!*® weathered rock in eastern Scotland and north¬ 
east England (see p* 224), Lough Neagh clays in northern Ireland, and deeply 
w'eather^ rock at the boundary of the Keewatin and Patrician iCC'shecta in 
south Manitoba.^^^ 

Erosion was most severe in the subcentral mm of high floor-gradients, of 
deepest and most quickly moving ice and (save for the central area itself) of 
the longest glaciation. It w-as probably inframarginal,^^^ say, a few hundred 
miles or kilometres back from the edgCp as the relative roles of abrasion and 
plucking and the latter's se^'erity under thin ice with an effective flow (see 
p. 215) seem to warrant—the maximum flow^ was under and downstream from 
the nevi-lineYet deposition was not completely lacking. For instance, 
lakes in Lapbnd are mainly stau-Iakes!^; and drift, exceptionally 12 m thick 
but averaging a few metres^ shrouds four-fifths of Finland*^"* (see below) and 
is distributed over one-quarter of the Alps.^^ Yet the drift, as on the 
Laurentian plains, usually occurs in more or less sheltered valleys and in the 
lee of rocky eminences, 

Pianation was least at the periphery. Here thick drift frequently hides 
layers of subaerial wash and local debris!^ and interglacial accumulations and 
earlier drifts whose forms have been preser\'ed. The Nuneaton Cambrian 
quartzites have jagged edges,* The topographic features within the drift, 
e.g. in Ontario,resemble those of stream erosion in unglaeiated regions 
and, in marked contrast vsith the central area, are not definitely orientated 
with the ice-flow. Sand, gravel and clay mantle more or less continuously 
the extensive plains of this zone: rock is exposed only in occasional inlicrs or 
in the walls and floors of glacial epigenetic gorges. 

The zone of maximum accumulation in north-west Europe coincides 
with the Baltic Ridge of north Germany and Poland, as elucidated by 
isopachytes!^ (see p, 360), and extends into the plain north of the watershed 
of south Poland*^ (up to 250 m thick)p into Estonia and Latvia^^^ and 
into East Anglia,l^2 West of the North Atlantic, it runs south of the 
Great Lakes under the prairies of the Upper Mississippi b^in and the central 
plains of Quebec. Greenland, which possesses few glacial accumulalions, 
has no equivalent (see p. 216). 

The drift thins fairly rapidly towards its bounda^ where it becomes patchy 
and is represented by an occasional erratic. Thus in Europe it thins through 
Belgium towards the coast and from East Prussia^ where it is 200 m thick, 
to TOO m near T^dz and 50 m near Kalicz,^^** becoming negligible Kouth of 
the main Polish watershed. 

At the maigin, the ice being thin and sluggish^ the differerice between 
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glaciated and unglaciated countiy almcrst vanishesp as revealed for instance 
in the rock-contours along this line in New York State*This accords 
with the superimposed and undisturbed drift sheets and loess horizons in the 
Mississippi region, and with obser\^ations in the outer region of the drifts in 
Pennsylvania where the ice had little or no movement^^ and at the glacial 
boundary on mountain slopes where, as in the A\p$ (see p- 40), the erosion 
did not surpass small and assignable limits, 

This fourfold distribution was modiHed as the ice-centres were dispbced 
(see p. G70) or the ice-sheets waxed and waned. The zones of preponderant 
erosion and accumulation migrated, advancing and receding with the ice. 
Every locality, except at the outermost limit, was invaded twice, with inter¬ 
glacial movements* several times, and placed in the marginal zone. Most of 
the erosion on the Canadian Shield occurred while the submarginal parts of 
the ice were expanding across the region during each glacial epoch and most 
of the drift in the belt of maximum erosion, as in Finland, originated during 
the recession. 

Methods of approach. Although the problem of ice-erosion has been 
studied continuously and from many angles, relatively few^ facts have been 
tendered in proof or disproof, Ihe literature is largely a repetition of un¬ 
founded assertions or of indirect arguments of doubtru! validity^ conclusions 
var)^ing whh the predilectiona and field experience of the disputant* 

The methods of approach are four in number(i) by examining the 
visible processes at work in connexion with modern glaciers* as when these 
advance on to loose material, or by comparing glacier-muds tvith those of 
neighbouring streams and rivers—this method is not verj' fruitful and has 
often led to adverse and partially erroneous judgments; (a) by contrasting 
glaciated w-ith unglaciated relief and ice-worn with water-wom topography— 
this physiographic and most important method, which is complicated by the 
activity of associated agents, has usually exaggerated a belief in the erosive 
severity of ice; (3) by deducing the appropriate consequences of both the 
affirmative and negative propositions and confronting them with the fads in 
glaciated regions(4) by applying theoretical principles of the mechanism 
of glaciers—this useful auxiliary' has helped little in the past, 

Ac don on incoherent material. Adherents of the two schools, men¬ 
tioned earlier, have often appealed to the glacier's action on incoherent 
materials along its oscillating edge. Charpentier^'W) n^deed that glaciers 
sometimes ploughed up moraines, an obsen^adon others often repeated in 
subsequent years.^^i The ice ploughs up fields, uproots and fells forests, 
and pushes up the sea-floor and its shells into terminal moraines (see p. 631), 
It flutes and corrugates Mnds and gravels parallel with its flow' and to a depth 
of a few' metres^”*^ ; fashions forms resembling roches moutonn^es*^^ in out- 
wash or interglacial gravels; and damages constructions erected by 

Arguments founded upon these occurrences are offset by others of con¬ 
trary nature. Charpentierl'^^ himself recorded how the Glader du Tour 
overrode gravels for a distance of So m which, with their tufts of Alpine plants, 
were seen to be undisturbed w'hcn the ice receded after five years. Similar 
observations had already been mentioned in an old Qrindeiwald chronicle nf 
1588 and by L v BuchH6 i, Norway. They have been often and more 
recently reported from vanous glacier regionsincluding Alaska* the 
retreating Muir Glacier uncovered a cedar forest, erect and in place, 
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Granite boulders, wrapped in sands of their own decay, have been left un¬ 
touched.^^® Such overridings noticed too in connexion with fiuvioglacial 
gravels of the early PJeiatocene,^^^ is sometimes accompanied by the snout's 
elevation into a raised lip or an anticline.^^^ Jt has been reproduced experi¬ 
mentally as in W. J. Sollaa^s “pitch glaciersGlaciers may likewise 
move bodily over inequalities with only partial adjustment or may be turned 
aside or be split by their own moraines. 

A closely related phenomenon is the fluted sole of the ice which may extend 
9 or even m in the ke of an obstructing boulder or rack-projection. 
Fans of debris in the lee of boulders in the drifts below the Upper Grindel- 
wald Glacier may be analogous. 

Contradictory too are the absence of any trace of ice-erosion on solid rock 
recently uncovered by the ice and the striations or minor plucking some¬ 
times seen in these positions (see p. 222). 

This striking contradiction in glacial behaviour, an expression of the brittle 
and plastic propertiea of ice, may be explained by the irregularity of the 
floorbut more probably by the glacier's phasewhich reacts by con¬ 
trolling the rate of flotv and the relative velocities of the upper and lowrer 
layers. Ice in the lee of boulders may also be fluted because these, warmed 
by the sun's rays, melt their way into the sole.^*^ 

Overriding is associated with thin margins. It no more disproves ice- 
erosion than does the fact that water, the erosive power of which is un¬ 
questioned, works in the same way. In diy^ seasons, rivers flow gently over 
their sandy beds v> ithout disturbing them; erosion is at a standstill. To-day^ 
the world's glaciers, even in polar latitudes, are in a drought stage com¬ 
pared with the Pleistocene^^ 1 : Himalayan glaciers are often tiding on the top 
of a rampart of ground-moraine.^^^ Consequently to judge them by 
phenomena at their snouts, precisely vvhere erosion must be weakest, is 
as illogical as it is to appraise the performance of rivers at the moment 
when they lose themselves in a desert* "T have long congratulated myself 
that I was not tryung to convert a sceptic by showing him what a glacier m 
full activity' can do”^ said Sir C, LydJ*^^^ 

Glacier-muds. Glacier-streams, as Scheuchzerl*^ remarked in 17^3* are 
thickly loaded with fine mud which renders them turbid and milky white 
(hence the Icelandic word Hvitd White") in river names and the names 
IV^ssee, Blatic and Li^ of ^lypine Hocf^ehttgsseen). The “ brovvTi 2ones ” 
in front of tidal glaciers in Alaska, Greenland and Spitsbergen, which have 
great zoological significance, are connected with the up welling of muddy 
waters. The particles are $q minute and finely powdered that a sample of 
the water takes severaJ days to clear—they remain in suspension even after 
passing through the long settling basins of lakes Pukaki and Tekapo in New 
Zealand.The streams are only limpid ifl for instance, the ice is practically 
stationary, e.g. in places in Greenland or the Antarctic (see p. 4i8)j or if 
they filter through fine materialslike sand and gravel or Icelandic tuff. 

The pipc-clay colour, early imputed to flow over white limestone or 
marble,Forbes correctly attributed to the action of glaciers upon their 
The impalpable powder* some of the order of 0^0005 is the 

ultimate product of their scour. By determining its amount w^e may get 
some conception of the scale of their erosion* 

The colour and opacity of glacier-streams increase with the volume of 
water to daily and summer maxima, though the dissolved matter varies less than 


220 


CLACIAL EROSION 


tKe suspended matlerJ^^ Estimates on the Lower Aar Glacier^^^ gave a daily 
carriage of aSo tons of sediment. Comparable figures have been gathered 
from the Rhone and Mont Blanc glacicrsd^'* from Norway^^^ (Jostedalsbrae 
transported 1968 tons in one day)* the Sareka region of Lapland*^^^ Green- 
land^l^ Iceland {Vatnajfikull streams remove annually 15 million tons)» 
and from Alaska, the Muir Glacier yearly producing 15 million cu* no.^"^ 

Since satisfactory figures must be founded upon measurements taken daily 
over several years^ the above estimate$ which do not comply with these con¬ 
ditions serve to demonstrate only that glacier-streams are transporting 
enormous quantities of sediment. But calculations based on these or similar 
crude figures have been made of the rate at which glaciers erode their beds. 
Omitting the coarser detritus, the annual lowering by the Lower Aar Glacier 
was found to be O'b mm.^^® Minimum valuesgai'^e the ReusS mnip 
the Rhdne o-ag mm and the Kandcr area 0-43 mm: the lowering in Paznaun 
was 0^113 Corresponding figurea^’^^ for Jotunheim w'Crc 0^54 mm 

(or 2 -5-3 mm for part of it) , for HardangerjokulJ 0-69 mm a nd for Jostedalsbrae 
0-079 mm. The mean annual lowering by the lobe of Svartisen, calculated 
from the rate of infilling of the lake at its edge, was ii mm.^^ The Sareks 
region yielded 0-5 mm,**^ the Karsa Gbcier c. 1*5 tnnipis^ the VatnaJdkuU 
0-647 Hoffellsj^kulL mm^®® and the Muir Glacier 0-02 mm.^®® 

The genera] rate of lowering has been estimated at 0-5 mm/annum or that of 
nmning waterJ^ 

HessJ^l employing a different method^ namely, by measuring the debris that 
melted out of the Oetztal Glacier along its median moraine and allowing for 
the share superglacially contributed in the fim according to Finsterwalder^s 
theory (see p. 119), computed the annual lowering at 0-027 
obtained 0 -005 for the entire basin of the llintereisfemer and 5 mm along 

the axial line. 

These and like calculations err in two opposing directions. They under¬ 
value the erosion by ignoring the more heavily laden deeper w^aters and the 
rolling " bottom/* load of gravel and shingle whose importance vaBey trains 
and outwash fans indicate. They go astray in the contrary^ sense—and 
possibly appreciably—by including mud the ice did not contribute ^^>2- some 
of the mud ^vas gathered from surface-moraines and by meteoric forces, by 
the slipping of moraines and glacier-tables, by atmospheric waste from rock- 
wdls and cliffs, particularly in the fim, and by the mutual attrition of stones 
in crevasses. A higher fraction, possibly more than half, may have come 
from subglacial streams w^orking upon subgUcial rocks and fragments in 
suspcfision.^^^ 

Yet gkeii^r-muds unquestionably' testify to wear by icej turbid glacicr- 
streiuna contrast with the limpid waten. from adjacent ice-free valleys, 
notably in winter (this is disputed 19 *); the glacier-milk is related to the in¬ 
tensity of glaciation J 96; the grains of sand in glacier-streams are anfiulari97; 
the mineral particles are fine and have been ground mechanically from the 
rocks, and in ^^'ater£ containing COi have b«n derived by chemical processes 
involving hydrological changes.^ 9 ^ 

Nevertheless, glacier-milk is but an insecure foundation upon which to base 
any quantitative conclusions, 199 especially if the data have not been collected 
by continuous readings taken at all seasons and from the whole basin. 

Subglacial erosion is also obviously demanded for the glaciated super- 
glacial material that occurs where, as in east Greenland, 2«i the rocks are 
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completely buried; for the gneissic erratic® on the voleanic rocks of Gauss- 
j and for the inner rooniincs which are found where auperglacial 
moraines arc w antingp^^- as in the small Pyrenean glaciers or the east Alpine 
Schwarzensteinkees. Equally conclusive are the erratics from the Silurian 
Limestone of Gotland and Osel and the chalk and basalt of Scania (see p. zSa) 
which are embedded in the north German drift and have been derived sub- 
glacially from live rock or from preglacially weathered crust$+ 

Glaciers Rivers^ The diflFtculty m allotting to glaciers and rivers their 
respective roles, owing partly to interference by frost, tvind, lateral and sub¬ 
glacial streams and other agencies, has led to very contrasted victvs. Some 
deem ice to work relatively insignificantly and much more slowdy and frecbly 
than Streams (sec p. 212). Thus Heim,^®^ who thought glaciers widened 
rather than deepened their valleys, estimated their lowering in Switzerland at 
only a few metres or one-five-hundredth or one-thousandth of what rivers have 
accomplished. Glacier-muds, as well as the thickness of the drifts (sec 
below), have led otheis^ to regard ice as the more potent* Penck ,205 from 
the Lower Aar Glacier, estimated the ratio in its favour as 2 5 :t, an opinion 
shared by others+^Ofi mcluding Gilbert^^ who stated that ice worked more 
quickly in the North American Sierra Nevadas than other agents under 
similar topographical and structural conditions^ Restoration of the initial 
profiles gave a ratio 013:1,^ In the case of the llintureisfemer this was 
estimated at 10:1^ and in the llomafjordtir district of Icelarid at 
Jn the Pamirs p valleys below glaciers have a thick carpet of deposits while 
those without glaciers have none.^ii In Alaskap denudation is faster above 
ice than in ice-free valleys receiving equal precipitation; freedom from 
vegetationp due to the cold the ice induceSp augments the run-offp while the 
ice removes avalanched talus and exposes fresh reck to frost.^*^ 

The erosive superiority^ of moving ice over running water lies mainly in its 
rigid hold on material at its base and sideSp aided by its poAver of freezing on 
to such fragmentSp especially if there is moisture or tension~an ice-scratch 
is cut by a grain of sand held in the ice during its short passage from one end 
of the scratch to the other. Also, while a river cuts a narroiv bed or groove, a 
glacier, w hich fills its valley from side to side, erodes over a surfacCp especially 
in the case of ice-sheets* There arCp however, countcrbakncing factors* 
Ice moves much more slowly than a stream carry ing equal precipitation from 
a basin of equal size—its velocity is probably about one-millionth of that of a 
river .213 Nor is it liable to periods of flood or great velocity', the times when 
a river doca most of ils erosive and transporting w^ork. Moreover, the load 
which in a river is dragged along its bed is usually distributed throughout a 
glacier’s mass and, unless frozen to the sole, is withdraw^n from erosion of the 
subjacent rock, if not quite from that of the travelling fragments themselves 
(see p. 382). This i$ indeed appreciated by those, like A, Baltzcr,^^^^ who 
deny valley glaciers any but the most insignificant erosion, or by 
wh«^ estimate of 10 m for the Pleistocene lowering of the Stockholm district 
is an admission that in these circumstances ice is the more effective. 

Rivers arc hampered by their low transporting powerari equivalent 
glacier is able to convey larger masses, both individually and in bulk — its 
competency in this respect has virtually no limit. Moreover, while w'ater 
loses this poAver if its velocity falls below a certain minimump ice by virtue of 
its consistency does so only AA'hen there is no Aqaa^ at all: it deposits Avhen it 
meltSp not when its energy of motion is reduced* NeverthetesSp a river^s 
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higher velocity', it has been said, more than compensates for its lower power 
to transport and may in an equal time move very much more than a glacier.^ 
The problem is further complicated bv the elimination of chemical action 
beneath glaciers^i^ (sometimes not wholly lacking2l^^)—Chjatemar>^ clays do 
not contain products of chemical weathering to any noteworthy ptenl^^ (see 
p, 226)—and the fortilying of the ice with methods peculiar to itself, such as 
the ability to plucky an action almost unknown in rivers 221 

Faced with these uncertaintieSp we must confess that our data are inadequate 
to test the matter quantitatively. 

Accurate measurements^ In order to remedy this deficiency, at any 
rate in one respect^ steps have been taken to gauge the speed at w^hich ice do^ 
erode by measuring the erosion on ground the ice has just vacated or is 
beginning to invade. Small bores, usually 2 m deep and filled with plaster 
of Paris or similar material, have been drilled into bedrock on positions 
accurately surveyedThey have been madcp for instance, in front of the 
Ixjwer and Upper Giindelwaldj Hugi and Rhone glaciers* the glaciers 
d'Argendfere and des Rois, Obersulzbachfemcn Hintereisferner, Vemagt- 
femcr and GuslaTfcmer, Few results have yet been achieved. A cross 
chiselled 3 mm deep in 1S46 has been effaced and the surface striated by an 
overriding glacier of 1856, as was seen when this receded.^^^ The Upper 
Grindelwald Glacier abraded smooth rocks O'5 -t mm in 6 months or up to 
3*9 cm in f. 6 years (1918-24) and plucked out pieces up to 0-2 cu. m in 
size^^"^ rhe average wear by the Allalin Glacier^ mainly by plucking, was 
30-1 mm in 5 years or a maximum of 184 mm .225 On the Biferteo Glacier, 
it averaged i cm/annumBut these figures, because ilic ice was thin and 
sluggish, help us little. Atmospheric agencies which worked upon the rock 
before overriding also vitiated them to an unknown degree.^^ 

Thickness of drift. E. Collomb^^® was the first to recognise the 
ground-moraine as a product of icc-erosion: its very existence constitutes 
proof.Accordingly* if we compute the volume of the drifts w^e have forth¬ 
with a measure of the erosion. 

Estimates of the average thickness of the drift, in most cases little more 
than guesses, have been made in many areas (cf. p. 595). The following are 
representative! Denmark,^ 50 tn; .Mecklenburg ,1 66 or 50^100 m; North 
German Plain, 212 iqq (other averages^^i ^ bores' ^i'7 m 

from 467 bores; not more than 35 m, 75 m or 80 m); north Germany and 
Russia,2^ jYi; Norrlandj 23 S 4-y m ; south of the Tatra,^^*^ 33 or 50 m; west 
Edenside^^^ (north England)* 3-6 m. 

Europc^s Pleistocene accu mulations arc exception ally enormously deep. 238 
T'hus at Tunning, they arc 352 m; near Liibhcndorf in Mecklenburg 470 m; 
near Hamburg* 299 m (unbottomed); near Rostock* 288 m ; at Bmnsbiittel* 
243 m; at Bremen, 231 m (unbottomed); in Jaeren, 124 m; near Grunberg, 
154 m ; at Lyck, 183 -6 m; at Kiel* 167 m; at Strasboui^ai:, 204 m; near Grenoble 
r. 400 m; near Berlin* 201*5 ™ (unbottomed); at Utrecht, loS m; at Heidcl- 
herg, 397 m; in the Netherlands, 23 ^ over 300 m [the siibdrift floor is at 
— t6o m at Beera, at —175 m at Nondlaren, at —200 m at Schoorl, near The 
Hague at —395 « Allgau 35c and in the Romagna much more than 

100 m and in the Po valley near Imola r. Soo In East .Anglia ,242 ft 

(143 m) has been recorded and in the Isle of Man243 (j^ . 

The average thickness (in feet) in various parts of North America has been 
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computed as folloAvs: Alirinc&fita^^'^ 100—150 j New Jersey20-40; Wb- 
consin.^^* lUinoiSj^^^ 100-130; Maine,^'*® 30*50 i MassachusettSp^'*^ 

15-25; Netv Marnpshire,-5« 10-15 Connecticut.^^J S-io; New Eng- 

land,^^ 30-40; over much of the site of Lake Agasskp^^^ 50-200; Coteau des 
Fraiiicii, South Daltolaj^M 300-700; south of Hudson Bay and James Bay.^J^ 
loO: south part of the peninsula of Michigan ^56 IoAva+^^ 150-200; parts 
of Ohio,2^s 95 7 (nearly 3000 weJl records); and elsewhere in that state, 69-5 
or less than 56 and generally about 100 over a piece of country 400-500 miles 
(r. 650^800 km) broad. 

Exceptional thieknt^ses, in places suited as traps for deposits p include 530 
and 763 ft in Ohio,^*® 660 ft at Toronto,^*^ 700 ft in Alaska,more than 
1000 ft near Vancouver City,^*^ 1080 ft at VVatkins, New York,^^ 1250 ft 
(unbottomed) in the Finger Lakes region 1100—1300 ft in the Spokane 
Valley in Idaho and Washington,^^ 2200 ft about the Fraser deltap^*^ and 
4000 ft at some locality which 1 have been unable to trace though the figure has 
appeared for many years in tables purpKjrting to give the maximum thickness 
of the various geological forn^ations.^*^® Qn the eastern side of the most 
active geosyncline in North America, Quaternary depCksition has been so 
rapid that fresh cypress wood is found commonly to depths of as much as 
iSoo ft in south Louisianan oil wells and recent faunas have been reported^^^ 
at depths of 2400 ft and Pleistocene at 3000 ft. 

Granted that ice eroded the drifts (sec belowjp the lowering in the various 
home lands may be computed. L. F. KamtKp^^^ doing this for the first tirnCp 
estimated the erosion in Scandinavia at 325 m. This was later reducedto 
r. 76 m or enough to fill all the Scandinavian lakes and the Baltic and raise 
Scandinavians level by r. 25 m. Assuming an average thickiK^as of 30 m for 
the north European drifts a lowering of 3C30 m was obtained,Another 
estimate gave 193 m OFp allowing for the drift's porosity compared with the 
compactness of the parent rock+ 154 

With these high estimates (130 m for Rilgen^^^ and 230*270 m for the 
Swiss Plainare of the same order) we may contrast the followings'll 
Sw edenp 25 m; Fin Ian dp io-20 m; Scandinavia, a few metres or 25 m* 
Nansen^^^* assuming the stranddat^s height above the sea represents the iso¬ 
static uplift that followed the lightening of the land by ice-erosion^, obtained 
a figure off. 10 m — this method was afterwards applied to Novaya Zemlya,^^^ 
The Alpine lowering has been computed at 10^16 m from the drift's average 
thickness (25 m) over the Molasse countiy^ or at 30 m if there be added 
the quantity probably carried beyond the Swiss borders (A. Penck). This 
agrees roughly with Netimayr’s figure of 40 or Penckjh m for 

the tract between the lller and Inn^* (drift thicknesSp 60 m) and 13 m for 
the Isar/®^ though W, Reissifiger ^283 frota the thickness of the schotter 
in the foreland of the lller Glacierp obtained a figure of 350 m for the four 
glacial epochs^ and 430 m for the total Glacial period, including the inter¬ 
glacial epochs. 

The different mineral composition of the north German drifts (sec p. 939) 
b correlated with the Pleistocene denudation of Scandinavia: in the early 
Pleistocene the metamorphic cover* in later times the crystalline rocks them¬ 
selves w’ere laid under contribution.^^ 

Few estimates have been made for North America, because the diffi¬ 
culties are much greater, or for the British Isles; the erosion in the Lake 
District was stated on inadequate grounds to be 2 m.^ 
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The above figures are useful if only to show that the most careful calcula¬ 
tions are but crude and uncertain approximations^ llie errors are fourfold. 
First, the drift's average thickness is difficult to assess because its upper and 
lower surfaces are irregubr^ a difficulty only partially overcome w^here bores, 
w'clls or natural secdonsp such as stream bluffs or lake- or sea-cliffSi are 
plentifuL Secondly, material has subsequently been denuded, especially 
from the older drifts. Thirdly, the Ice and its streams carried much detritus 
into the sea beyond the present coasts. This error is especially serious 
for example, the visible drifts in IMasaachusetts are probably much less, in the 
Californian Sierra Nevadas, significantly less than the fine pow'der which the 
streams removed* This harmonises with observations on Iron Hill, Cumber¬ 
land, U.S.. 4 ., 28 S based upon the iron percentage in the sands of the boulder- 
train ^ and the figure of nine-tenths favouring the streams in the Inn 
valley.^ 

Preglacial residual soils* The fourth and gravest error artsoa in the 
opinion of many from preglacial soils incorporated in the drifts. Such 
weathered rock$ are now found beyond the glaciated terrain, as in the **pre- 
glaciaF^ river-terraces in the valleys north of the German Mittelgebirge^w 
and the Carpathianswhich contain only local material and warm* fresh- 
w-ater shells. 

The depth of the weathered schist in the Blue Range, Viriginia^ is 20-50 ft 
(6-15 m) and of granite in Columbia 80 ft^^^ (24 m) w'hile in South Georgia, 
near Atdanta, it is 95 ft (29 m), in norch-we^t Georgia 200 (Cp bo m), in 
the southern App^chians more than 250 ft^^ (^5 and jn the Klondyke 
region of Alaska, 60 ft^ (18 m). Rotting in Brazil Ls in places 30G ft. (9 1 m) 
or 394 ft (120 m) deep^ and on unglaciated basalt in the German Mittelge- 
birge 20 

^e slowly spreading ice gathered up quantities of waste which it 
found ready to hand. The pregbeial surface was swathed in soil and suhsoLl, 
secularly disintegrated rock and residual clay, produced during aeons of quiet 
chemied and mechanical subacrial decay. The mantle included landslips, 
screes, alluvium, sea-beaches and aand-dunes.^®^* Even the steep flanks of 
rejuvenated valleys had their covering. 

Although the depth of the rotted accumubtions within the glaciated terrain 
is unknown (it depended upon the nature of the underlying rock, the climate 
and vegetation, the state of the pregbeial drainage and the ratio between 
weathering and transport), it was probably substantial and approached that 
just cited for extraglacial regions. The existence of such accumulations is 
beyond question. They are constantly being discovered,^ especially in the 
marginal strip of weak glacial erosion, as in New Brunswick, Nova Scotia, 
Prbiec Edward Island, Magdalene Island, New Hampshire, and near the 
international boundary in Washington and west Canada. Their sheets or 
isolated patches repose in sheltered situationS| e.g. in the lee of crags and in 
hollows,^! and with older boulder-ebys and graveb in small, drift-filled 
valleys athwart the ice-floAv (&ee p. 3 23). American i ns lanees, 3 t>^ including 
prqrbcial placers^ have been found in many parts of Canada and the United 
States. Those from Europe include red clays at the base of the Dutch 
drifts (weathered older drift ? silts in the buried valleys of the Clyde 
(efi p. 1253), weathered gneiss in east Sutherland and Aberdeenshire,^ ochre 
on Umestone in north-east Engknd, 3 <i? and the infraglacial beach preserved, 
for instance, in south Ireland where the ice moved off the land (see p. 1252)! 
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Such rotted rock suggests an average erosjon for tKe glaciated part of the 
United States of 8-9 

PrcglaciaJ fossiljferoua acoumulations. KossLlifcrous beda of pre- 
glacial age within the glaciated regions arc much rarer they have either 
been removed by glacial erosion or been deeply buried beneath the mantle of 
drift. They include amber and plants in Denmark and instances from Eng¬ 
land and North America. These embrace the Saskatschewan gravels of 
Alberta^ Assiniboia and Missouri which are also assigned to glacial 
(Nebraskan) or interglacial (Yarmouth) times—they are largely composed 
of quartzite and chert (with subordinate amounts of argillitep limestone, basic 
volcanic rocks and Cretaceous sandstone and shale) derived from the Rocky 
Mountains to the west—and the Orange Sand of Illinois, Mlssourip 
Arkansas, Kentucky and Teitnessce. This thickens towards the Gulf of 
Mcjcico andj though correlated by some with gbdation* 3 is is pregbcial^^^ 
since it is indurated and ferrJeteted and passes below the drift within the 
glacial limits of Wisconsin and Illinois. 

The rarity of preglacial floral reiicSp the fetv limestone-caves (Dove doles 
Cave,^^’^ Derbyshire, and a cave in Frankische Sch^veisi are almost the sole 
Pliocene mammiliferous caves in Europe) and the complete lack of a moUusean 
fauna are somewhat puzzling. Many of the remains were caught up and 
transported by the ice and its streams; there are occasional streaks of browm 
soil in the driftand pieces of w'ood or peat in or at the base of the boulder- 
clays^*^ in Sjaelland, Hritain and North America (Nebraskan and Kansan 
ice-sheets). Peats, soils, vegetable mould, freshwater shells and mammals, to¬ 
gether tvitli the contents of Pliocene caves, if such existed (these may have 
been removed by Quaternary denudation^20 have been absent because the 
sea was higher or tlie climate was drier, as postulated on palaeontological and 
physical grounds ^^^) were probably ground to unrecognisable powder by the 
ice or swept by it or its streams into tlie sea outside the present lands.-^^ 

Evidence has been found which suggests that the ice in places advanced 
over standing and probably living forests in which the annual rings show' a 
marked decrease in the rate of growth only during the last twelve years before 
death occurred,^^ Nevertheless, the ice may generally hat'c inv-aded a 
barren, timberless and storm-sw-ept eauntry'. This was induced by the slow 
climatic deterioration^^'* (which attended, as some w'ould say, the uplift pre¬ 
ceding glaciation^ 23 j gjid the outrush of cold air, consequent upon the ice- 
sheet^s approach —an explanation also offered for the lack of the later part 
of an interglacial cycle.^^^ The chilling which accompanied the expanding 
ice hindered the growth of pollen grains and kept them small as Ui later times, 
e.g. in the Swabian Alb.^^® A seasonal cover of perishable grasses and small 
shrubs may alone have persisted in the valleys and lowdands where subaerial 
weathering, soli fluxion, heavy rains and swollen rivers strongly accelerated 
tile effects of the cooling, though an enormous expansion of peat bogs and 
moors may have been a primary result of the climatic w^orsening.^^ 

Drifts and preglacial soib. The loose residuary clay and earth and the 
preglacial, decomposed rock were scraped off and kneaded together and forced 
to participate in the glacial movement! they helped to build up the drift. 
Many geologists, indeed, claim that this is mainly residualit contains 
much oxidised material, oddly-shaped boulders, and rounded erratics 
referable to preglacial streams or talus, as in the case of the Great Barrington 
15—t 
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Boulder or the hard nuclei of surface boulderSj^^^ weathered pre- 

glacially dr interglacially. Boulders which originated from secular weather¬ 
ing Hobbs has nanied saxams. 

%\Tiile this origin probably holds for the boulders of gossan in the north 
Carelian driftor tho^e tvhieh have one side gJaciated and the other deeply 
osddised,^^^ it can scarcely be true for the vast majority^ of the rounded 
boulders in the weathered drift. These, as in the case of the olivine diabase 
of south Ontario,are still hard and fresh (ice probably plucked the angular 
and subangular boulders ^ 3 ^). Moreover, the loose felspar grains are bright 
and sound and the more readily decomposable minerals (e,g, micas, amphi- 
boles, felspars)^ as in the North Sea Drift of East Anglia,^^® arc abundant and 
of large size. Roches moutonnccs and the sound Scandinavian boulderst 
scattered profusely and widely over Europe, establish much denudation of 
bedrock. 

The colour and composition of the drift are alike irreconcilabb \vith such 
an origin. While residual soils are almost entirely robbed of their alkalis 
and consist of quartz, undeoomposed silicates and ferric oxide, glacial clays, 
as analyses showp^^^ have an unusually high eaicium and magnesium content 
and a relatively low potassium-sodium ratio — boulder-clays without lime sug¬ 
gest overriding of weathered interglacial beds.^^ The high percentage of 
calcium and magnesium carbonates conspicuous in rock-residuesimplies 
much mechanical destruction^ as does the mineral illite which is one of the 
main constituents of glacial drifts but being easily altered is not apt to be a 
constituent of residu^ deposits,^^ Preglacial soils were also quantitatively 
inadequate,^^^ especially if we remember those transported by ice beyond the 
present coasts or lost into streams. 

The rarity of vegetation in the drift suggests that the preglacial material 
was carried beyond the limits of glaciation^ On a very moderate estimate 
(ch. L), the Glacial period was sufficiently long to remove the ancient soil 
completely without assuming a specially rapid transport,^ particularly in 
view^ of the copious waters which poured over the countr)^ The great 
distances to which distinctive erratics have been conveyed (see p^ 124) sustains 
this conclusion. 

While it is doubtful whether much or any residual soil survived in the later 
drifts of the subcentra] areis of prolonged glacial erosion, as in Scotland, 
Scandinavia or Canada, surviv-al in a remodelled state in the older peripheral 
drift is admissible,^^ It is said, for example, that the decomposition of this 
drift is too deep^ loo uniform and too thorough to be glacial,its boulders 
are too few^ rompared with the amount of friable material ,347 and it contains 
much organic material. 34 ® Jj| sQffie tillsi. which contain a high proportion 
of decomposed material picked up by the ice, the decomposed elements which 
extend through the deposit and not merely in a soil profile occur side by side 
with fresh grains of minerals readily susceptible to alteratiorkJ 49 

This origin is established for the mixed schoiter'^ in the northern 
Carpathian valleys where undisturbed debris of preglacial age mantles the 
interstream watersheds 35 ^ I gold placers in some British Columbia 

drifts 351 - and, less certainly, for the decayed boulders towards the margin of 
the older drifts on the Columbia Plateau 352 and the gravelly drift in the Lee 
vaJlcy, south Ireland ,353 

The older drife are composite. They embrace much residual soil which 
lay in the path of the ice^ soft clay's and sands from the sea-floor where the 
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ice invaded the e,g. in England (see p. 63s), and F^henmeere frost 

screes formed in early glacial times and at tbe onset of each succ^ding 
glaciation. They comprise too the terminal moraines of the advancing ice,^^^ 
extraglacial or interglacial deposits (as included loess concretions $how^^^), 
together with the soft strata of the lands themselves. Thus the source of the 
English drifts is vnty largely the great clay divisions, such as the Keuper Marl 
in Cheshire and the north-west Midlands, Keuper NIarl and l4as with Oolite 
and Carboniferous additions in Lincolnshire and Yorkshire, and Lias, Oxford 
and Kimmeridge clays and Chalk in the east Midlands and Eastern Counties, 

Drifttess area of Wisconsin^ Yet another Line of enquiry compares 
glaciated with contiguous regions tvhich escaped glaciation p Such an examin¬ 
ation was made of the Driftless Area of Wisconsin(see p. 727) enclosed 
within glaciated countiy. It has extremely irregular outlines, numberless 
outliers, unstable erosion remnants, natural bridges, caves, spurs, crags, 
castellated bluffs, buttes and pinnacles. Its drainage is arborescent with for¬ 
ward grades and ridges and valleys are not linearly arranged. Yet 1800 
measurements show the depth of its residuary mantle averages only 7*08 ft^^^ 
(r. 2 m) . 

In marked contrast, the glaciated frame displays simple outlines of escaiTJ- 
inents and a lack of caves and swallow holes in the limestone and of fragile, 
castellated outliers, i lence, the difference between the two areas arose from 
the grading up of the depr^sions and the filing down of the prominences : 
East Wisconsin has lost r. 60 m of w'eathered and cavernous Hmestone^l and 
has suffered a topographic revolution. 

Comparative phystographical studies and deduetton^ l^pid pro¬ 
gress was made towards an appreciation of the quantitative effects we are 
seeking when observation was directed to compare glaciated with unglaciated 
lands and when deduction was systematically used to trace out the con^ 
sequences of the rival theories of protection and destruction. These methods, 
elaborated by botl'i European and American geologists^^*^ in particular by 
W", M, Davis,^^ have led, as will be seen in succeeding chapters^ to a gener^ 
recognition of forms which view'ed together as the glacial Formefiscftat:: are 
insignia of glaciation, i.c. mck-basins described by Ramsayt cirques noted by 
Ileliand, U-valleys with their shoulders noticed by Richter and their over- 
deepening stressed by Penck and Davis, and fjords differentiated by Dana 
The increased modification with increasing glaciation, obser^'ed in passing 
from areas of imperfect cirques and troughs to tiiose of huge cirques and 
pronounced U-valleys, furnishes convincing proof. 

Studies of this kind led Penck and Davis, two of the foremost champions 
of severe glacial erosion, to abandon their earlier opinions^ (1882) of its 
effectiveness and caused Bruckner to relinquish similar views (1890), 

Test cases. The depth of rock removed by Pleistocene ice has l^en care¬ 
fully determined in a number of small areas. The results provide useful 
controls, though of limited application. Some of them show^ that the erosion 
w^as locally inconsiderable. Thus rocks at the foot of steep and high escarp- 
mentSt facing the ice, in eastern New' York State and fault scarps in places in 
w'cst Greenland are virtually uneroded the upland south of the Finger 
flakeshas residually decayed material in place^ even on impact sides of 
scarps, and bear-den moraines composed of preglacially weathered boulders 
on less steep slopes; solution joints in limestones in central Illinois are 
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imtouchcd^^; shaira in Puget Sound are incoherent and rotted coarse, 
fragmental debris, insecurely held in the rock, is striated ; polished surfaces 
coincide with those of exfoliation ; grooves in Michigan have been hollowed 
out along pncglacially weathered jointsp and staurolite cj^^stals in its schists, 
etched out preglacially, still persist ^^2 ^ interglacial deposits within the 
erosional areasurv^ive In localities not specially protected, as in Scan din a via ; 
and preglacial karst topography, tvith $olutlon channels partly intact, occurs 
on the moutonnee limestone of Switzerland.^^'* 

Other examples indicate severer but again small erosion, "Thus Gilbert 
found that resistant ledges in the Finger Lakes r^on had been worn back 
suJhciendy to lose their subaerial contours and had been fashioned into roches 
moutonnecs, miles lung and hundreds of feet high. The Niagara Limestone 
was regular in its outline w'here it was parallel with the ice-flow but was deeply 
serrated where it trended at a high angle, its cliff being furrowed back from 
the escarpment for | mile {c. 800 m) and to a depth of 9 m: the limestone lost 
in thickness 3'-6 m. Simultaneously, the ice wholly reconstructed the topo¬ 
graphy of the Medina Shales; it gouged out flutings 12 m deep parallel with 
its flowj removed old valleys and wrought a new system, lowering the land 
by 15 m. Gilbert's conclusion that the ice eroded little received later sup- 
port^'^* It agrees with the relative resistance of the various formations in 
loiva to glacial erosion and with the amount of granite in the t'arious 
moraines of Drammenfjurd compared with the granite outcrop. 

Rock-trains from small outcrops are useful checks ^ the Lennoxtown 
essepte fan (see p. 365) furnishes striking evidence of the importancje of 
glacial erosion in the Glasgow districtthe Wisconsin boulder-trains imply 
a glacial degradation of 15-23 ra and the train from the peridotitc of Iron 
HiJI, Cumberland, U.S.A , one of the same order,^®^ The average for parts of 
the English Lake District has been computed at le® than 30 m,^^ The size 
of granite boulders and the altitude of sheet jointing, of preglacial age, in 
New' England granites with respect to present topography make it possible to 
institute comparisons with preglacial topography. They suggest a removal 
of at least 3-4"S tn on stoss sides and of 30 m on the lee sides .383 

Studies of the topography of the Hudson v'alley however have suggested 
that the ice planed back ^e protruding front of the Catskill Mountains Avith 
their weU-jointed flagstones and shales for a minimum distance of 2 miles 
(c. 3/2 km) 5 » 4 ^ver i cu. nule {c, 4 cu. km) of rock was removed. Peaks in 
this area have been half cut away on the south. The giant gbcial grooves of 
nor^-w^t Canada (see p, 247) suggest the removal of about a quarter of a 
cubic mile of rock from an area of 50 sq. inilcs^^^ (c. 130 $q, km). 

Adverse arguments, Fhc aiguments put fomard from time to time 
against any effective ice-erosion are mostly without foundation; they rest on 
inaccurate obseiration, on false deduction or on half-truths. To the second 
or third categories belong statements like the following: ice, especially w^hen 
thick, is so ptasbc that it moulds itself upon irregularities on the rock-^floor^®^ 
or loses its solidity by pressure-liquefaction (see p. 44); ice, not rock, is 
eroded the present curve is not continuous 38 B but has rock-barrieis, 
roches moutonn^es, inselbergs, spurs, lake~islands and shoals; when once the 
rock is polished and saliences are lost no opening is lent for attack and 
erosion ceases,except in unconsolidated strata; plucking is not a real force. 
Since the alleged ph^ked^masses were often throwTi upon the ice from 
landslides or by frost ; thick boulder-clay acts as a protective buffer^®*; and 
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driLorJirtSj ujialtcrcd or only slightly remoulded n persisted when the ice moved 
across 

Some of these arguments cither overlook the erosive action of subglacial 
debris—abrasive particles on the underside of r cake of beeswax may scratch 
a metal surface^*^^—or fail to see in unconsumed residuals evidence of glacial 
incompleteness rather than incompetenccp They ignore the fact that new 
inequditics were created by a '"pluck and heal’" process{the Upper 
Grindehvald Glacier tore off pieces even from rock which was partially 
roundedSome of the blocks in the drifts striated on one side, probably 
received their striae w^hile still in place as is seen in glaciated lands and 
at the edge of modem glaciers.^^* The large erratics occasionally noticed 
with deep pot-holes (see p+ 238) have the same significa.ncL\^^ To interpret 
the rough lee side of roches moutonnees as untouched preglacial surfaces™ 
is likewise to disregard plucking since they are unweathered^* and pieces 
frequently occur vvhichp though some distance away^ match their stm$ 
exactly.^®^ Moreover, rocks are often less solid and free from joints in the 
lee of crags than on the impact side—in constructing the C.P.R. of Canada, it 
was found more difficult to remove the rock on the northern (impact) than 
on the soutliem (Ice) side of bos^^.^^ 

Drumlins once formed are highly persistent since their adhesive clays, 
free from joints and tvith rounded fornip are very resistant to both plucking 
and abrasion. 

Great erosive potver may be reconciled with great boulder-clay fabricating 
powers by confining the ttvo essentially opposing forces to different regions 
or to different periods. 

The frequent appeal to cross striae as proof of the feebleaess of ice- 
erosion^ assumes that they tvere engraved at widely separate times—which 
may not have been the case (see p. 902)—or that boulder-clay had not pren 
tected the rock during the Interval 

It may, how'ever, be granted that when plucking has reached the depth of 
tight and widely spaced joints its action will virtually cease (aee p^ 250) and 
that with the abrasion of this plucked surface erosion will be at a standstill: 
the ice would then become protective. Greenland and the Antarctic may 
alike have reached this state*™ 

Glacial cycle. Existing forms of glaciated mountains vary not only with 
the prqglacid stage of development but with the competence of glaciers to 
erode and with the duration and intensity of glaciation. Davisextended 
the points of resemblance between rivers and glaciers into the ideal cycle of 
glacial denudation with its elements of time^ rock-resistanoe and veloci^ and 
volume of the loe* The tenn crj'oplanation has been given to this action of 
ice and frost,^ Barriers and b^ins are the respective glacier-equivalents 
of broken rapids and steadily Rowing reaches and alike characterise youth. 
As the cycle advances, steps arc worn back, low'ered and eventually de¬ 
stroyed,^ and as maturity passes into old age* sides are smoothed, floors are 
graded and cirques and similar forms are eliminated. 

The concept of a cycle has found mu ch favour j the plateau at 250-350 m 
in Novaya 2 ^mlyahas been regarded as an end-product of ice-sheet erosion, ^ 
and similar levelling has been postulated for central Norway, for the Ural 
Mountains, for parts of Greenland and for the Laurentian peneplain. In the 
ideal case of a long continuing glaciation in a suitable climate, erosion w ould be 
expected to proceed to its completion, though the final formw'ould be accidented 
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a smalUscale relief of irregularly scattered, stcep-sidcd knobs and mamTTii- 
lations, unrelated to any base-level.^^^ Vet it is more than doubtful whether 
the cycle is realised, unlcs$ the glacial peneplain has descended^ as in Labrador 
and Russian Altai, from an earlier, stream-formed peneplain.^^^ Not only is 
glacial erosion not bound to a profile of equilibrium (W. Penckp -^*5 however^ 
thought this existed at every snout, whetfier supermarine or submarine) but 
the Glacial period, minus its interglacial epochs, was too short for maturity 
to be attained (see p. 91S). The end of the cycle is nowhere discernible; 
the youthful stage only is seen with its inherited features accentuated, 
NJvation and cirque recession^ for instance;^ are still in an early stage- Glacial 
troughs are unfinished; they have unconsuitied spurs on their sides and 
repeated steps and basins on their floors. Moreover, prolonged erosion, it 
has been argued, would exterminate the glacier long before the cycle's final 
stage,"^!^ Nivation [see p. 303) also probably fails to achieve a complete 
cycle,as does the action of soliHuxioii (see p. 568), 

Ice-sheet and glacier erosion. It i$ essential to distinguish between 
ice-sheet erosion and glacier-erosion."^^® While glaciers, acting linear!Vt 
accentuate relief, ice-sheets, which move more freely over comparatively even 
ground without the valley constrictionB that accelerate flow, pare dowm the 
elevations and soften the outlines. By their planar action they work more or 
less evenly on surfaces which are flat or of gentle relief,'^as on the high 
plateauxof Fennoscandia, Iceland, Scotland, Altai and east Greenland, 
and the strand flat and the low^ coastal peneplains'^^* of Alaska and the British 
Isles (Lewis, Anglesey, Donegal)~the rounded form, the '"Nut", abounds 
in south Nonvay*^^ and the Finnish lakes are in genera! surprisingly shal- 
low .^-3 They accomplish little because they move slowly, are not con¬ 
centrated along definite lines, and have little debris^ The central Swedish 
peneplain was probably lowered only a few^ metres,the Finnish peneplain 
a few tens of metres ,*^^5 Stockholm area 10^25 and the Canadian 

Shield a fe^v tens of feet at the most .^27 Greenland ice-sheet has 

shielded the underlying peneplain from the time of its regional uplift^^® and 
the ^^Gondwana” land-surface in Antarctica may have been similarly pro¬ 
tected.'*^^ Concentration into glaciers on the Nonvegian side and ice-sheet 
planar action on the Swedish side explain why Sca.ndinavian fjords arc 
restricted to Norway and occur generally elsewhere on western coasts (see 
P- 34 ^) which for other reasons ^vere deeply revived preglacially. The 
greater velocity in the valleys tended to concentrate the drife-bden ice along 
these lines On the uplands betweeathc Finger Lakes, where the ice was 
thin and its basal load scanty, the pre^acial weathered mantle is still pre¬ 
served in places.'*^^ 

\^Tiile valley glaciers perforined “directive erosionice flowing over 
broad surfaces effected “selective erosion though to a much less degree 
than running water. It worked along lines of jointings bedding, cleavage 
and fracwire. or along weak or soft roeks ,^>3 Xevertheless, it was not always 
more competent in soft and loose matcriab Thus gravels and similar 
materials caused overloading and stagnations^ and were only rcTnoved by 
abrasion grain by grainunless their interstitial water w^as frozen and 
contermiriQ^is with the ice; the gravel then moved as part of the glacier 
For instance, the smooth Eo-cambrian clays between Viborg and l-eningrad 
and the Cambrian clays in Estonia were overridden w ithout being disturbed 
since they offered no hold.'*^? 
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Date of ice-erosion p Glaciers operated quite differently at different 
periods of their history. Their erosion often dates from the early phase and 
decreased as the surface became smooth (sec above), asperities were re¬ 
moved,and preglacially disintegrated material and loose blocks were 
carried away'^ 39 j the largest blocks are in the lowest drifts.'*^ The aug¬ 
mented debris slackened the while the higher plasticity' (which 

lessened the hold on the englacial debris) resulting from the augmented icc- 
thickness^^ and the increasing depth of the protective subglacial drift"^^ 
(which sened as a lubricant) al&o lessened erosion. Yet ei™ion was by no 
means confined to such early stages since it was being performed at all timesp 
even during the retreat (see p. 308) whenever conditions permitted. 

Conclusion. Investigations and discoveries during the Ia$t fifty or more 
years which have greatly advanced our knowledge and eliminated many 
erroneous view's have established the quality of ice-emsion and to a less degree 
its quantity. A body of well-attested facts prove? that the truth lies 
between the extremes of glacial ornamentation and glacial sculpture though 
the amount was in one place considerable, in another negligible. Ice $cour^ 
off preglacial residual soils sjid rotted rock over the dispersal zones and sheared 
off much live rock, rounding ridges, softening asperities, and effacing surface- 
inequalities in the process. In its positive aspect, its scuipturc transcended 
rock-stmeturc. It developed certain peculiarly typical features, such as rock- 
basins, cirques, U-valieys and faceted spurs, and accentuated others which 
were inherited, such as steps and treads on valley floors^ Its negative aspect 
is seen in the modification or obliteration of topographical forms typical of 
water-action and in the present palimpsest sceneof glaciated lands. It 
remodelled rather than created. 

Classification, The discussion of the glacial erosive processes and their 
morphological results which occupies the remainder of this part of the book 
will proceed in the order of the folloAving classification : 

Ero$ioft witftin the Are^i nf the Ice 

1. By subglacial streams 

(i) giant kettles 

(ii) subgiacial canyons 

2. By ice 

(1) Minor features 
(^) abrasion 
(£) plucking 
(r) roches moutonnee? 

(d) crags and tails 

(f) subgiacial disturbances 

(ii) Major features 
(ij) rock-basins 
(6) cirques 
(f) U-valleys 
(d) Fjorefe, fjards, fdhrdcs 
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Chapter X 


EROSION BY SUBGLACIAL STREAMS 

Subglacial streams are apt to be neglected or underestimated in discussing 
the larger question of glacial erosion. Yet we may gauge their importance 
from the ^-ast bulk of the fluvioglacial silts which amount^ for escample^ to 
millions of cubic metres in the Swedish vanxSp^ from the enormous volume 
of the Swedish osarp or from the insignilicance of the moraines and coarse 
sediments compared with the valleys and hollows which have been glacially 
eroded.^ They have indeed been regarded as the prime cause of ice-erosion*^ 
Their erosive features are giant cauldrons and canyons. 


1, Gians Kessies 

Morphology^ Giant kettles (Ger. Riesmtapfe; Fr. marmites; Swxd- 
JattegrySffr; Norvv* Jmtte^ry^der) are pot-holes or cauldrons which subglacial 
streams excavate in rock or drift* F. Svenonius"* fully discussed their shape. 
Their ground plan is more or less circular or elliptica]^ the major axis trending 
with the striae and ice-flow or with the joints along w^hich they lie as deep, 
narrow clefts. A sinuous channel from the side sometimes betrays the 
stream^s course.^ The walls arc smooth and either vertical or aslant. A 
water-worn grooAXp formed by the water^s oblique mtry, often descends the 
kettle spirally. Immature types are funnel-shaped while wider and deeper 
ones expand at their base* Alpine kettles were undercut on the upstream 
side; the higher ice flowed more rapidly and the moulins wxre oblique.* 

Depth like the breadth is vciy \^ariablc and is limited by the hardness of the 
rock, the volume of w-ater and time. It may be 6 m in Sweden"^ and 15 m in 
North j\mcjica.« The ratio to breadth is 5: t in Scandinavia and Minnesota.^ 

Embryonic kettles ** are oval or round in outlmc* These small depressions 
may be the only parts of kettles w hich have survived i for kettles commonly 
have sharp and abrupt edges or an ice-moulding on the rims, ^ * and some have 
been wholly removed and occur on erratics 12 {see p. 229). Other imperfect 
varieti«, presenting half a cylinder, may be seen on steep rock-faces'^ s the 
complimentary half was in the glacier. 

Distribution* Giant kettles are plentiful in almost all glaciated regions, 
as may be gathered from G. Leonard's summary*"^ of those found before the 
middle of the last century. They are especially numerous in Fennoscandia^^ 
(efi Finnish list'^) but arc rare outside this central area, being sporadic over 
Germany,^ ^ including the celebrated ones on the MuschelksJk at Riiders- 
dorf,'» in Holland,and in the Baltic provinces,^ Ihe Vosges^i and 
Pyrenees22 have few and the Ostrobothnian plain apparently none.^^ Their 
scarcity in Switzerland is brought out by Heim's they include the nine 

(of Buhl age) in Tertiary sandstone in the well-known Glacier Garden of 
Lucerne,^ produced by the Reuss Glacier; these nine, each an annual 
product,^* have a maximum depth of c, 8*5 m and width of 8 m and an 
occasional spiral. 
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Briti^?h inst^ces are surprisingly possibly because they coincide 

with the thickest drifts and with the present drainage. They have been dis¬ 
covered in Mullp near Cambus o^May (Deeside), in Glen NeviSj. at Birken¬ 
head (the Kailpqt);, near Grasmere, on the ridge between Bydaiand Grasmere, 
near Ilkley and at BaUyluskp Co. Wicklow. 

Chhers have been found in Kerguelen,-* Icelandp^^ west Greenland^ and 
Baffin Land^^i and more abundantly in Canada an dp w idely scattered p in the 
United Stales.^^ Thousands of pot-holes and cuspate channelsp aligned in 
groups, pit the eastern flanks of the Front Range of Colorado^^ the largest 
being 61 m by 46 m and 15 m deep. 

Origin. Giant kettles were early ascribed to the activities of giants, as in 
Norway^ or of aboriginal Indians in America, They were afterwards 
attributed to the weathering out of stone kernels, to vorticeSp^^ to whirlpools 
in tht pelridetaufiiske Ftod (see p. 617), or to the excavating povver of ice-^* 
Charpentier^^ was apparently the first (In 1841) to connect them with glacier 
moiilLnSp Kot only have the latter been occasionally observed at work under 
modern glaciers^® but kettles, w'hether single or grouped^ are unrelated to 
modern streams and often occur where such streams could not possibly erode 
them. Moreover^ they are frequently arranged in rows parallel with the ice- 
flow (Paiernosttrldp/^)^ as given by striae or osar,^® or are situated just where 
crevassea Avoiild a rise ,'*0 namely in the lee of steep faces and roches mouton- 
nees, above steep falls and hill sides, cm the edges of barriers or Inselbcrge, 
and of projections generally, as so commordy in Finland. 

The mere impact of falling water w^as probably not enough to excavate the 
cauldrons. This was generally done by swirling stones and boulders or by 
sands and gravels "fhe elliptical eroders are sometimes still retained, 
though more often they have been swept into the drift, some of tvhose spiral 
or elliptical boulders may have originated in this That kettles usually 

occur singly may be because the moulin was stationary or its upstream side 
melted back as the ice flowed on.'^^ They probably belong to the later stages 
of glaciation^ {not early, as occa$ionaJly postulated**^) when the ice was diin 
and melting rapidly and moulin shafts reached its base: they are eroded into 
striated surfaces and their overflows are unstriated. 

Not all kettles arose at the bottom of moulins. Some* as SefstrSm-^ 
recognised, were the work of modem streams (as has been suggested for the 
Glacier Garden» Lucerneand others were hewn by the waves of epiglacial 
seas^ which fashioned mixed forms if they had access to glacial kettles-"*^ 
Many were hollowed out by subglacial streams^; they often lack, for instance, 
the elongation which the moulin hypothesis requires; they came into existence 
after the ice had become stagnant, as their unglaciated rims testify; and some 
arose at depths well below the then level of the sea, e.g. in coastal Scandi¬ 
navia,^^ though some in north Norway at least may have originated w'hcn the 
land wa$ higher.^^ 

Other agencies may simulate giant kettles. In Germany, for example, 
solution pipes in limestone have been so interpreted (ice may have modified 
some like those from Lago d'iiseo^^), while depressions hollowed out of the 
granite of the Riesengebirge^ by forces at present in action, but erroneously 
identified with subglacia] kettles, led to the belief that these mountains had 
been extensively glaciated “ Weather pits”, as in the Sierra Nevadas and 
Rocky Mountains of North America^ may also resemble giant kettles.^* 
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It has been held that rock-basiiis, like Loch Morar^^ or others in north 
Germany or the English Late District,drque-lakeS;^^^ or even cirquea 
thetnselves'^ originated by moulin action and by uniting glacial pot-holes as 
seen nortli of Lake Athabasca,^^ The cumulative effect of moulins working 
up and down a glacier has been emphasised too from Mimalayaii ohserv^a- 
donSp**^ E. GeinitK,^^ who stressed this action ^ named lakes so eroded 
'' evorsion lakes' \ But this origm is inadmissible ^ in the case of ci rque-lakcs 
as well as in all other lakes except the tiniest since the moulin's range, 
especially laterallyis far too small. 


2. Subglactai Conyous 

Subgbcial canyons are not so well know-n as giant kettles though many 
instances have been described,^ e,g, from Norway {interpreted as intergbdai 
subaerial river channels^), fialtoscandia, north German Flaming, Adamello, 
Durance valley and North America. They are frequently buried under 
retreat moraines or later drifts (as giant kettles w^ere occasionally^^ and have 
only been revealed when tlicse have been stripped off artihcially or naturally^ 
Such discoveries suggest that canyons are common*® and that the drainage 
was deranged while the ice lasted as well as during the coming and going of 
the ice (see ch. XXI11). They were exca^-ated by the great hydrostatic 
pressure of the subglacial streams,® especialJy in connexion with stagnant 
ice^*^ or in soft rocks, or in hard rocks where the supply of rock-fragments was 
adequate. They are usually narrow and deep and whaler-worn throughout 
unless subsequently ice-moulded (see p, 113), 

The difEculty of distinguishing them from hollows made in other ways is 
considerable; for though a subglacial origin may be suspectedwhere a 
barrier is notched laterally or has no lake-terraces above it, they may have 
been eroded supergladally as spillways (see ch. XX 111 ) or extraglacially by 
huvJoglacial streamSp as suggested for the channels that stripe the plain out¬ 
side the Russian Altaiand for the channelled scabland netlike system of 
“ couleesoccupying at least 2000 sq. miles {c. 5000 sq. km), on the bare 
ba^ts of the Columbia Plateau, Washington These begin abruptly at the 
limit of glaqi^ advance of pre-Wisconsin age, a few miles soutli of the Spokane 
and Columbia rivers. These Columbian channels, up to c 300 m deep* havCp 
however, also been attributed to direct glacial erosion by a scabland lobe,to 
overflows from glacier-lakes ponded in the Columbia canyon (see p- 4S9), to 
ice-jams of enormous size originating in the gorge,^® or to melt-water streams 
of norma] discharge from glaciers which overran the northern part of the 
tract and scoured the basalt along pregladal drainage linesj^ 

Canyons may also ha%'c been wholly or partly exca^'ated by postglacial 
^reams, 7 a as observations on the Upper Grindelwald Glacier or the Kennioott 
Glacier, Alaska sup;rat.^® Some of the Swiss gorges,®^ e.g. the Kirchet above 
Mcmngen on ^e Aare, the gorge of St. Moritz on the Rhone, that at Roserdaui 
at the Lw’er GnndcKvald Glacier, and others at the end of the Aletsch and 
Mcr de Glace, aU usually regarded as postglacial, may be partly subglacial 
since subgbcial waters created new valleys and widened old ones.®! For 
e^ple, the gorge has been filled and replaced by a new one five times.®^ 
Multiple notches are known elsewhere 

Subglacial 5t«^s have h«n invoked for the sublacustrine channels in 
Lake tjcneva and Lake Constance^j for the excavation of rock-basins, B5 
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including the ^ubalpine takes; and for the deepening of U-valleys (see p* 330) 
—theirshare has been estimated8^ at 5% (W. M. Davis), ^0^25% {J. Bmnhcs) 
or 60% (W. Kilian). 

Rinneiitalee, AJthough such action, except in a minor degree, is im¬ 
probable in connexion the features just mentioned^ its role may have 
been not mcon^iderabie in the Rinfienlater and their Rmttenseen (Dan, 
LoTigsoer) or furrow lakes. These Jong, nanowj river-like channels, with flat 
Or trough-shaped floors (fig* 46) and strings of lakes, are usually flanked by 
sharp erosjon profiles. TTie lakes themselves are generally long and narrow 87 



Flc. 46 .^—Mbp caf the at Jcls, north Sdiltawig^. Sc*!e 

1 ^37,500: depths in ttittra. P, Woldit«dtp p. fig, 7, 


(fig- 47) shaped quite differently from the stau-lakes within the moraines* 
1 hey are_separated by turf flats or drift ridges, contain few or no islands, and 
have their maximum depths, which may be cryptodepressions ,88 disposed 
either centrally or laterally, 

Rhmetttalerf which traverse ground-moraine, outwash and end-moraine, 
are parallel with the osar and transverse to the end-moraines. If these are 
lobar, as around the Zung^beck^ of the Narew depression»they are radially 
arranged (fig, 48) but pursue parallel courses where the ice unable to 

deploy.^ The ice-lobes in t>enmark have hollowed out their beds into 
tongue-Hke basins.^ ^ 

j^nneftseen are widely distributed near the margin of the Baltic moraine, 
notably in the outwash terrain between the Pomeranian and Brandenburg 
phases^ in the Baltic lands,^^ in north-west Russia*^ and as the ^"tunnel- 
valleys" of Denmark's which are up to 75 km long—much shorter ones occur 
in the Danish islands. The Rinnemeen attain lengths of up to 17 km or, as 
strings of lakes, 60 km Most north German lak^ fall within this category 
Similar Rirmemeen arc associated in north Germany with still earlier p hasesj®® 

16—Q.E. I 
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Fig. 47.—and conrt in Schlesn-ig-Holfitein wid Mecklenburg at th^ EaUic aiagc- 
P. Wddatifdt^ p. iMp fig, 13 . 



Fig. 4fl,—/txjweFifrfli rad Idly arranged aroiind the Narew ZvHgfnhiirkerf. P, Wo^datedt^ 

Z. G, E. i9Mp p, 117, 
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as in Silesia and the Luneburger Hcide, and occur on Pre-Cambrian rocks in 
Sweden, possibly on the floor of the Gulf of Bothnia,^ and on the Schotter 
Nagelfluh and Molasae of the Alpine Foreland.io® The Kitrsudalat in 
Norrbottcn (north Sweden) also seemingly belong here*®*: they are dry 
valleys, up to 9 km long, with a series of small but deep takes separated by 
rock-bars. Some of them are related to osar. 

Since Bcrcndt*“ first recognised the type, they have been generally related 
to glacial streams, cither cxtraglaciallyHW (the' hollows coincide with colks 
or eddies or, more commonly, subglacially,*®^ guided by crcx'asses.'®^ 
This last view’ is borne out by their parallelism with the ice-flow, as Berendt 
noted, and their arrangement perpendicular to the ice-margin, whether this 
be straight or lobar. Moreover, they are associated w'ith osar*®* and outvvash 
fans (see pp. 427, 438); for where they are imperfectly developed, outwash 
fans arc similarly poor. Some writers, indeed, equate the lakes with gianr 
kettles,!®® their valleys with retreating moulins,'!® and their sharp bends with 
crevasses.'n 'Fhcir section, which seems to rule out this origin for most of 
the lakes,"^ has led many to ascribe them to moving ice "3 (possibly by the 
widening of subglacial stream channels) and the retention of their shape to 
inert ioe'!"*^the Norfolk Broads w'ere simibrly ascribed to a late occupation 
by surface ice."* Some Ztmgetibecktn (see p. z6g) are deemed to ha^-e been 
interglacial stream channels widened by ice."® As the cones outside the ice 
were gradually being built up (see p."438)> the subglacial streams became 
englacial and finally even superglacial, flowing over ice that filled the lower 
parts of the channels" 7 j rising subglacial streams would not be able to build 
the outtvash delta cones"® (see p. 437), 

Woldstedt,"® who was of the opinion that icc-oscillations converted some 
into Zungmhecken, such as the fohrdes (see p. 353), thought each 
depression in a Rinnmsee^ marked a recessional stage and was preserved from 
infilling with sediment by dead ice which lingered because the ground was 
frozen. The constancy of the lobes fixed the crev'assed zones along the planes 
of contact and so encouraged streams to excavate along well-marked lines and 
channels. 

The objection that such streams tvould erode the softer ice and not the 
rocks'^ is invalid, as is the attempt, in virtue of their general parallelism, to 
as^iate Rinnenseen with tectonic lines'll (in north Germany, Jutland and 
Finland). This hypothesis fails to relate the Rinnmsim to joint or fault 
systems or to acknowledge that they are perpendicular to the ice^margin. 

Recently, the Rinnenseen have been dissoebted from subglacial streams and 
related to cre%'asses, so that drift was deposited in the dirt-bden ice on cither 
side but not in the ice itself.'^ 
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Chapter XI 

MINOR EROSIVE FEATURES 

I Abrasion 

aJid grc»v6S- Ice acta iis an enormous flejtible rasp. The 
abrasion, which varies with a rock's porosityp coheaion. hardness and struc¬ 
ture, is severest where the relief most resistance concentrates the 
flow into valleys. ^ It arises from basal friction which is linked vv ith the dept 
and velocity of the iccp the quantity of the basal debris and ^dh the natuty 
of the contact and degree of adherence of the ice to its bed* 1 he friction is 
not even approximately known though it has been sought experimentally ^ and 
by applying McConnell's coefficient of plasticity to observations on the 
Hintercisfemer.^ The reduction of the flow at the sole is, as J. Tyndall 
recognised, a measure of the erosive pow'er. This Is a function of the w'eight 
and dowTistream impulse of the ice and may vary less rapidly than their 
product.^ _ ^ 

Chamberlin * in iSSS, in a masterly analysis of rock-scorings, fully discussed 
the origin and significance of the various types: his interpretations remain 
esscnti^ly those of modem glaciology- 

Markings inscribed by ice, shod with basal debris fixed like the teeth of a 
file, vary in their coarseness with the nature of the rock as Sefstrom^ noticed: 
they constitute part of his friction phenomena". They range from hair-fine 
lines which to be seen require to be moistened or rubbed with fine clay or 
graphite or riewed in a low sunset lights to grooves, many feel wide and 
hundreds of feet long, which simulate the flutings on a Ekiric column. Finer 
striae characterise tough and fine-grained rocks, like quartssites or quarts on 
which sometimes alone they are now preserved^ or on soft rocks, e.g* lime¬ 
stone, serpentine or clay slate^ which are apt to be minutely and delicately 
striated. Coarse rocks, such as grit, lake on only the bigger and deeper 
oorrugations. 

“Pseudoglacial scratchesmay be made by other agencies: these include 
buffaloes or other animals,® boulders trailed by seaweed,mountain torrents,^ ^ 
Avind&*2 and landslips,^^ pardally consolidated lavas gliding over each other, l’* 
creep, mudflows or solifluxion,^^ sliding snow's,*^ tectonic movetnents^^ (with 
faceted boulders as well as avalanches (see p. 579), river-ice ($ce p. 578) 
and drift-ice (see p. 587). Striae, however, arc typical memorials of land- 
ice; for as E, Desor^® said long ago it argujnerjt fij fm.'^ur tie la th^on€ 
gladale est et sera loi^ours In rof/ie stride. Striations made by torrents are 
short and more or less curved^ while those made by creep and solifluxion arc 
usually more superficial and mainly found on softer and angular fragments^^; 
they rarely occur on two faces and run dow^n and not along hillsides aa glacial 
striae often do. Tectonic striations seldom fatt into a system and when 
engraved on boulders tend to follow the curvaturc.^^ 

Glacial striae, ag demonstrated experimentally ^3 and obsen^ed on modem 
Alpine glaciers,^"* are scored by bouldersp pebbles, gravel and grains of sand 
froren into the sole and dragged along between ice and bedrock. Their 
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characler depends upon the nature and shape of the scratching tool (soft 
rocks may scratch hard ones in e3£perimcnts^-)p upon the force^ steadiness and 
firmness with which it is driven, and upon the texture and resistance of the 
two friction surfaces. The finest scratches were grated by fine sand^ probably 
not gripped in the ice but rubbed between large erratics and the bed. They 
ceased when the grain was liberated. Shallow and narrow at first, they 
steadily deepen and broaden to end abruptly or to decline again in depth and 
width and die away. The ice moved tow^ards the broad end 26 as it ground 
away the point of the inscribing instrument, though the latter was sometimes 
rotated or tvrenched out of position where the scoring terminates in a hole. 
The law' is neither universal nor altogether trustworthy (the reverse has been 
said to hold on dotvnward slopes 28 ); for the marks may commence abruptly and 
taper a%vay gradually if the boring tool came suddenly into action and wore 
itself aw ay gradually or was withdrawn* Teeth on jagged striae point in the 
direction of flow,2^ 

The high propurtion of material, including boulders in the sole^ caused 
continuous striation by preventing retraction into the ice. 

Round or nearly cquidimensional boulders arc apt to rotate on encountering 
an obstructionH Striae which end sharply sometimes begin again a little to 
one side of the original line after an inters-al that is bridged by irregular 
abrasions made by a pebble rolling over and resuming its work,^ Rotation 
is also proved by the curv ature and shortness of the striae and by an occasional 
screw-like furrowing on the flanks of groves.^^ Screwed or curved striae, 
early ascribed to floating ice swinging when partly aground, arise when 
boulders turn in the sole, as has been seen for example on the side of the 
Corner Glacier. That fragments escaped from the grip of the ice is proved 
by the forms just mentioned and by others to be described, including chatter- 
marks, crescentic gouges and boulder facets. 

Grooves, apart from moulded preglacial hollows or subglacial stream^ 
channels (see p. 11 are^ as Scfstr&m ^3 noticed, made by boulders, notably 
those of quartz, quartzite, porphyry or other hard material. Their depth, 
which is proportionate to the pressure of the scorer and the softness of the 
subjacent rock, may diminish as the tool w^eaxs aw^ay or may deepen as it is 
ground into the rock until it stops, jumps out or turns over. Some were 
eroded by dirty streaks within the ice,^ others by pebbles or boulders packed 
tightly together and propelled as a single mass, fluting the furrow’s sides. 
Those with uniform cross-section were scoured out by a single tool, broader 
and less regular ones by boulders travelling in succession along the track 
Thinner, parallel striae replaced a strong furrow' w hen the scorer was crushed 
into fragments. Grooves, of imusually large size and up to 30 m deep and 
1 mile (c, 1-6 km) in length, have been observ^ed in rock in north-w^est 
Canada^—others occur in till (see p. 389). 

Great friction is seen not only in the bruised and rough edges which striae 
often show and in the occasional evidence of a slow^ rocking motion, but in the 
system of fine cracks running at a slight depth under the striated surface when 
examined in thin transverse section 

A glass-like polish, which may be produced by faulting ("fault mirror”), 
sand drift,ice and rock-particles^^ or by animals,'*^ results generally from 
glaciation and is most perfect, as Agassizobserv-ed, on hard and fine-grained 
rocks like quartz and quartzite and on their boulders in conglomerates. It is 
imparted by the friction of smooth flat surfaces of boulders frozen firmly into 
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the solcp by the fine powder derived from preglacial clays and soib or the great 
clay formations^ or by the finest matrbe of the ground-momine or rock-flour 
ground by the icc. It implies not a little erosionp possibly l^vice that of 
stTiation"*^ though this bears striking testimony to the &everity of ice erosion 

Time of formatioD^ Striae may have been inscribed at any time but, 
unless towards the periphery, probably during the later phases.*^ This age, 
anticipated by Agassiz'*^ (on the false premise that an ice-sheet because of its 
low temperature was immobile except at that time)^ is supported by the 
striation's common orientation perpendicular to the ice-margin (‘'sub¬ 
marginal striae”^). This relationship, though not invariably true where 
the ice-borders were subaquatic and iverc much influenced by fracture^^^ has 
been shown, for instance, in Greenland and for the lobes about the Great 
I^akes,'^'® Geochronological studies and the crescent-shaped S^l^tuselkd 
reveal that the receding ice-edge in Fennoscandia^o crossed the striae. 

Associated markings. Chattered striae or "chatter marks(E. Col- 
lomb's are cur^'cd^ transverse lines or fractures, arranged along an 

axis. Found in firm but brittle rocks, e.g. granite, basalt or quartzitCt they 



Fig. 4^.—The v^ariQu^ mnrlu produced by ke on rock-EUTfates; (u) Sifrhitvrftnnr, (6> cre»- 
cfiitic R)oiiget> (c) cr^iee-ntic eitraa rrttctum^ (d) conehDidi.1i frictuDH. E., LJun^er^ 1019, 
p. aSy, fig. 133. 


are so minute and densely packed that often only a close inspection detects 
them. Appearing as a succession of bruises, they w^ere made by a brewing 
out of thin rock-surfaces through compression in front and tension in the rear 
of a point of application. The boulders, partially and insecurely embedded 
in the ice, moved vibratingly and unsteadily and struck with slow rhythmic 
or jerky effect Jigged grooves, which roughly fracture the rocks, are 
related forms. They are alike the result of more intense action of the ice and 
higher bearing pressures which momentarily and locally reach the rupturing 
strength of the rocks. 

Cross fractures^ arc st^ply inclined cracks, convex upstream: •'crescentic 
cracks**serrated striae and Parabelrisse^'^ are identical or similar. 
ITiey are generally smaller (less than 7-5 cm) and rarer than crescentic 
gouges^® and ahnost confined to finer grained rocks. Experiments prove that 
they were made by the gouging comer of a boulder held in the ice which set 
up shearing stress.^^ 

„ gouges®® (fig, 49)^ which are also included in these 

mction cracks^ on stoss sides, arc conca%'c markings up to cm long 
w hich occur In sets aligned on a common axis and with the flow, the members 
of a set conforming to a particular size or enlarging towards the axis or in the 
direction of motion. Associated tvith striae and groove on the impact side 
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of othstrucdonii or near the crest of hiUs of hard, massive, homogenous or 
brittle rocks, they result if the ice fto^e on to the rock®^ or if friction w'as in¬ 
creased as by sand pockets in the sole.^ Alternatively, they arose if a block 
(E. Ljungner) or pointed or edged tool (F. H. Lahee) oscillated as it moved 
obliquely fonvard upon a polished surface. It raised a wave in the rock in 
front of the point of application, failure taking place along a portion of a cone 
whose axia was inclined fonvard.^ Hence crescentic gouges are closely 
related to chatter marks but differ from them in that the chiselling body, 
acting only at intervals, skipped over intermediate distances. 

Lunoid furrows, forms equivalent to crescentic gougeSp^^ are c. 30 cm 
long between the homs and abrupt on the concave or iceward side. They 
are most frequent on impact sides, occurring as solitary lunca but usually in 
groups aligned with the neighbouring striae. R. A. Daly ascribed them to 
shying stress set up by the dragging of a subglacial boulder, the tension 
being relieved by initiating incipient cracks dipping gently fonvard. Their 
occurrence in widely contrasted rocks suggest that structure is quite sub¬ 
ordinate. The actual lenses^ in accord with the freshness of the furrow’s and 
the absence of covering lichens, were possibly split by postglacial frost action 
and were limited in size by the distance measured along the crack through 
which the rock w'as rendered unsound. Vertical pressure of a boulder 
flaked out a circular or elliptical disc or ** annular scar”,^ 

Conchoidal fractures,^'^ which have been observ ed in process of formationj^ 
are independent of structure and occur where a rock-surface falls away. 

Terminal curvature. The severitj' of glaeial pressure is seen not only 
in the features just described but in the twisting back of the ends of the more 
yielding strata as first noticed in several places in Britain in ttie middle of the 
last centurj'^® and more recently in that and other countrics.^^ Such bending 
may be due to other causes,^! such solution or faulting, but is mostly refer¬ 
able to creep or splifluxion (see p. 567) as in unglaciated Cornwall and Devon.^2 
It may, however^ be made by the direct impact of ice, as by the present 
Vemagtfemerp'^^ but can only be invoked w ith certainly if the bending has 
been uphill. 


z- Plucking 

Plucking or the detachment of rock-fragments by overriding ice is facili¬ 
tated by structural planes,^-* e.g. stratification, joints, cleavage or foliation 
(fig. 50). Thus the boundary between abraded and plucked surfaces is some¬ 
times that between different kinds of rock. The action is especially powerfril 
if the planes make a small angle w ith the surface or emerge upstream, or if the 
strata are tliinly bedded or jointed or broken, as along shattcrbelts or at fault 
intersections Strongly jointed igneous rocks have a marked disproportion 
of boulders in the drifts,This has repeatedly been observed in the case of 
granite,^^ especially If the rock had prev iously been subject to exfoliation, as in 
British Columbia.^® In the I-ake District, the hard and well-jointed Borrow- 
dale rocks have been severely plucked and have yielded numerous large 
erratics tvhile the Skiddaw Slates with their inntimenible closely placed joints 
were removed in small fragments and produced a tenaceous till.^ 

Plucking was severe if support was weak, as on boulders in conglomerates^ 
doviTistream from projections like roohes moutonnees (sec below^), lateral spurs, 
valley steps, diffluencc divides and the sides of subglacial streams, or where 
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Fig. 50.—Twc medians ihe trciiEih in con^tmcring ihc Vj'rtiwv Dam, North Wde*. 

Jr A. Fictdn^ F. LpJ. Q. S. 1^89^ p. figs- 3 and 4- 


the ice passed off or along coastal cliffs or operated on jointed rocks in bluffs, 
escarpments, or steep valley avails, e.g. the Palisades of New jersey.®® It was 
very effective on sedimentary strata which dipped off igneous rocks, as in the 
glint lakes around the Canadian Shield, in the St. Lawrence valley below 
Quebec, in the sounds east of Hudsott Bay, and in the North Channel of 
Lake Huron*® 1 

That plucking is a force to be reckoned with when the ice«flow is sufficieittly 
rapid to remove the weakened material has been demonstrated on modem 
glaciers®^ [some may he due to frost acting on rocks exposed during a 
retreat®^)* Careful investigations in glaciated regions frequently show piec^ 
broken off from the ke of roches moutonnees or other steep faces still in 
apposition or^ ^ SefstrOm®^ noticed, dislodged to some distance; these can be 
referred to their exact place of extraction by accurately matching the positive 
and negative shapes (see p. 229) ^ Sometimes the rock is seen to break into 
pieces"block tails" may resulL®^^ 

Plucking V, abrasiop^ Early geologists, with few exceptions,®^ were either 
unaware of or underestimated the importance of plucking. More recentlyf 
plucking (^-aHously stjdcd deiraction^es " deters ion " rough-hewing 

or sphlt^de Ermon^^) has been increasingly emphasised, notably in 
Amenca,^^ though a few stUl deem it exception^ and unimportant.®^ The 
^eat majority of those w ho have Avorked in heavi |y glaciated countries like 
Fennoscandia, west Iretand, the Alps and North America, rightly regard it 
as much seve^r thari abr^ion While the latter steadily diminished as its 
l^rk performed and yielded sands and muds, plncking libemted the 
boulders which abound in the drife and certain big block morainea in Nor- 
way, reen an an the Alps W'hich can only have come from subglacial 
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sourccs^^^ and continued to act until the joints lisd become loo tight and 
widely spaced in depth.^* Its action is confirmed by the foUo^virig: the raw¬ 
ness of the lee faccs^^ where much more erosion took place than on stoss 
(abraded) slopes—in east Massachusetts» granite has been glacially tom off 
to a depth of 3-4'5 m from the stoss sides of hills and of up to 30 m from lee 
slopes^®; ice does not work regardless of structural differences, rocks, 
relatively soft in the scale of hardnesSp project above surrounding harder and 
jointed rocks—examples are olivine rocks in hard gneissic granites in Fin¬ 
land^ and the soft crj^stalline limestones in the silicate rocks of central 
Sweden hard but jointed dykes on the Cornell University Campus have 
been rapidly eroded ; in Maine, a massive crystalline schist with rectangular 
jointing was removed and adjacent soft shales were left standing; and rock- 
basins have been excavated in crystalline rocks above the Malm limestone 
barrier of the Kirchet near MeiringenJ®^ The abundant Fennoscandian 
lake-basins may be due to plucking; others may mark the sites of plucking, 
their barriers being places of abrasionJ**^ 

Plucking operated at a rate which depended upon the thickness of the ice. 
Favoured by small vertical pressure—the subglacial rock-face in a tunnel 
beneath the Mount Collon Glacier was found to be separated from the ice by 
a 2-^4 m gapli^^^—it was confined to the margin or to the later stages wben the 
lee was thin^^^: tensile fracture of the ice took place in the lee of roches 
moutonnees tvherc llie rock was not supported by pressure. At the onset of 
glaciation, when the ice was predominantly thin, it wa$ facilitated by severe 
antecedent frost but was hampered by the excessive quantities of residual soil 
which tended to further abrasion. j\t all stages its steady supply of material 
facilitated abrasion downstream.^*^® During maximum glaciation, when the 
vertical pressure was high and the ice plastic, abrasion reached its peak and 
the ice descended in the lee of obstacles to abrade rather than pluck (see 
below^). 

Mechanism. Plucking is accomplished in many w'ays. The more im¬ 
portant include (a) drag resulting from flow'-pressure in fairly rigid ice,^^0 
especially at rock-project ions or on ice-fronts; (6-) movement of ice firmly 
frozen to the rock,m a method aided by exfoliation” along vertical joints 
parallel with the lee-face and implied in the crescentic gouges and eon- 
choidal fractures but dependent upon the adhesion of ice and rock and their 
relative strengths of cohesion—at the crest of a lee declivity, as of a roche 
moutonn« (see below), tension raises the melting point, and the sudden 
diminution of pressure results in a firming of the ice and its freezing ad¬ 
herence to its bed, the measure of the adherence being at least that of the 
tcnsional strength of ice, namely about seven tuns per square fool; 
(c) thrusting of ice, drift or ermtiis along structural plants on the impact 
side and the prizing off of rock-pieces,^*^ about Liverpool Chalk 

of the YorkshiTe Wolds, in the decomposed gr^ite of Angle^y {see p, 364) 
and at Kinnekulle, Sweden ; {^/) repeated freezings and thawings at the ^le 
in consequence of vaiyung pressure^^^ (see p. 3^') ^ (^) acting during 

oscillations, as in front of the Hintereisfemer+*^^ 

3* Roches mout&nnAss 

De Saussure^^^ the name roche moutonuife to the distinctive^ rounded 
forms which abound in glaciated terrain (he himself failed to associate them 
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with ice) and give the effect of a tliick fleece or the wavy wigs styled moutomAs 
m his day (they were slicked do™ with mutton tallow)^ It again used 
by B, Studer^'^ and became general after Agassiz adopted it in 1840, 
Roches bosselees and roches have been suggested for the large pJanod 

surfaces that resulted, it was thought, from more rapid flow. 

Roches moutonnees (Ger. Rundhock^), like striae, have been abundantly 
described and illustrated in glacial literature; they are elementary erosional 
forms in the glacial landscape and liave occasionally been seen associated with 
modern iceJ^^ ITieir gracefully moulded contourSp often oval in plan, are 
ever varying as to dimensions and endlessly repeated as to their features, 
1 hey range from low' shields to steep-sided eminences and considerable hills 
like Holyhead in north Wales, Shcflield Pike in the Lake District and Malln 
Head in Co. Donegal or mountains in Nonvay, northern New England, e,g+ 
Mount Monadnock or die Appalachian Plateau—they form what has been 
termed an in any particular area are usually 

of equal size, ITiey are best developed at low^ levels or on fiat ground and 
produce Penck s Ruftdit^k^riandsc/Mji \ such is the vast sea of roches 
moutonnees on the hills and plateaux of central New^ York, those on the Alpine 
passes, and those which cover whole valley floors (Ger* RtindAocherjiuy}. 
Flatter and broader shapes decorate steep slopes or the sites of tce-falls. 
f heir iccivard sides are well rounded and severely scoured if the pressure 
crowded and compressed the structure, and were moulded by rasping or by 
overcoining the cohesion of the cementing material. Striae curv'c round 0 
bo^ if it is high and narrow but arch over low and broad sumniits, 

1 he lee side, which the parabolic curve of flow more or less protected from 
flowage pressure,*^ w^ usually roughened and hackled by plucking. Well- 
jointed rocks like granite may have been Girved into steps,The renewing 
process is visible in the opened joints or the rocks displaced horizontally or 
vertically through a few^ centimetres or a much greater distance, ^Vhe moving 
ice pulled the joints open, stones slipped as wedges into the widened crack, 
and pieces were finally dragged off. The lee may be shattered or completely 
brecciated or a w'hole noche moutonnee mav be wrecked with the ruins of 
Its own welUtriated surface scattered about,'l ^5 A land with pronounced 
jomte, e,g, the granitic Aland Islands,may be rugged all over. 

This marked rantr^t, noted as early as 1799 by C. de Lastevrie,!^^ between 
the stoss ^d lee sides, terms originally used by Sefstrbml^ LStSisidc^, 

"«nick”,i 30 »shock“impact 

’ explains the contrast so many glaciated 

valleys aiui hills present when vicift cd with or against the flow (p|. IXa, p. 256 ). 

Related to the jochc moutoimee is Chamberlin’s advance cone ",^* a half 

L“gh upstream, 

rJl^^ moutonnw’s sha^ varies with the texture and cohesion of the 
fnSv aligument of the stnicttire. While it is beauti- 

errmmiialv <lolerites and diotltes, a perfection 

^ncously ascnlwd to a pninaiy tendency to eoncentric jointin^i^* it is 

readilv adoofthp fn strata dipping ice wards 

rtaddy adopt the form, the steep lee coinciding with normal e^r^ment faces 

or w-,th foliation or c ravage planes. Kjenilf^ST ^ persistent^Ste of^ 

insignificance of glacial erosion, ascribed the roche^moutonni?!^^J^r^ 
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to such desk structure in which slmcttirc pres^ailed over ice-sculpture. Such 
protuberances arc apt to be broad and squati Structural influence h also 
seen in granites with sheet jointing and in the reversed moutonn^ forms^ 
i.e, those with steep or ""false” stoss sides. 

The lee side, especially in steep valleys, is frequently dressed like the impact 
sidct the entire bo^ being longitudinally convex {Ger, [^€itlrijnd/i^fi£r). This 
abnormality was connected possibly with the angle of slope or the 
nature of the rock ^'^^ but more probably with the severe ice-pressureat the 
peak of glaciation when the ice, sagging behind the obstacle, abraded the Jee* 
The plastic conditions of this time are also seen in the undercut flanks of 
roches moutonn^.^^^ Thus crag-and-tail features are mainly restricted to 
low knds, and lee sides among the mountains of Skye are polished but in the 
submontane bek are craggy.**^ A similar change was early noticed in passing 
from the Scandinavian divide to the Nonvegian coastand in the Alps 
where roehes moutonnees attain a far greater expression towards the heads of 
glacier-occupied valleys, 

Both ends are rounded if^ as on the central Swedish iceshcd, the ice 
flowed from opposite directions at different periods (see p. 668); the smooth¬ 
ness imparted to the Ice hindered plucking during the reverse movement. 

The contrasted agencies of scour and pluck produce striking differences in 
escarpments. Those facing the ice, as south of Lake Erie and l^ke Ontario, 
may be polished and grooved and have bevelled and striated edges, while 
those directed downstream, particularly if severely jointed, may be plucked 
into half-disrupted ledges with bdulder-accumulations so vast that they 
simulate a retreat moraine, steep northern face which the dip slope 

of the Whin Sill presents in Northumberland may be linked in part with ice- 
pressure from the north, 

Although in the orthodox view roches moutonn^s most often coincide 
Avith obdurate rocks and Avert predisposed by local resistance*^ of irregular 
pregbcial weathering,^^^ they are more probably not remainders nor signs of 
imperfect ice-crosion but like drumlins (see ch. XIX)^ Ashich they rt-semble 
in their general elliptical plan and parallelism wixh the flow^ are stable forms 
lieneath an ice-sheet and possibly associated with glide planes.* They are 
end-forms which ice continuously reproducesp and are most prominent on 
transifluence passes and at the heads of valleys Avhere the ice fashions ever ncAV 
forms in accord w ith its dynamicsp i.c. where glacial erosion was most vigorous 
and longest continued. Although they may have been moulded by 
"stationary ” Avaves in the ioe-soIe,l^^ similar to those Avhich Avind sometimes 
creates in $and,*^^ or to the turbulent flow of Ioav- viscosity fluids, such wave- 
flow seems irreconcilable in glaciers Avilh the viscosity of the ice and with the 
trend of the striae on vertical faces. It is most unlikely that they or drumlins 
are merely a moulded network of subglacial stream channeb. as postulated. 

The roche moutonne^ form is attributed to the reduced erosive power on 
the uphill side of the rock and the thaAV'-freeae process on the lee sidc-*^^ 

Selective erosion* Selective crosiond^^ recognised by Lyeli,*^* was at 
Avork along atnictures or joints or along the strike Avhen this Avas parallel with 
the ice-flow—the elongated ridges called vaata in Finland were fashioned in 
this way.*^^ It operated too on homogeneous rocks if these A'aried in their 
direction of dip^^ or Avere overridden by ice shod in adjacent layers with 
different quantities of material.In bedded rocks, gneisses and slates, the 
ice ploughed and frequently undercut the banks. 
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This erosion selective, for instancep along dykes bordering the ice¬ 
fields of the Uinta Mountdiis or along fault-lines^*^ in Fifdand and the 
Bohemian Forest and on the floor of the Baltic Sea, It initiated lakes along 
soft rockSp^*^ as in the l^urentian Highlands of Canada^ or joint planesin 
Sweden^ south-east Konvayp the Aland Islands and the Rosses, Co. Done;^. 

When the ice flowed parallel with jointing it gouged out any pre-existing 
furrows and strengthened a weak relief.^** It smoothed and striated the 
surface and moulded it into long rolls, frequently on so large a scale that the 
country w'as ribbed " or “ flutedIn other eases, it terraced or furrow'cd 
the valley sides along the outcrop of soft or well-jointed beds,*** the broader 
benches sometimes having an undrained depression at the back. Such con¬ 
trol may give rise to homoclinal strike valleys with rather marked aaj™melry 
of transverse profile. In rocks and structures athwart the flow^ equilibrium 
was quickly established and selective erosion was almost inappreciable : 
slight bevelling marked the onset and slight plucking the lee side. 


4^ Crags and Tails 

The feature of crag and tail, fi.rst described by Hall from the Midland 
\''a|ley of Scotland, usually centres about some hard rock,^^^ such as an 
igneous silk neck or dyke. The abundance of nocks accounts for the very 
fine crags and tails to be seen in the Midland Valley of Scotland as well as 
for their early discovery there, e.g. Calton Kill, Castle Rock and Arthur's 
Seat in Edinburgh^ North BerArick Law and Traprain Law in the Ix^thians, 
Largo Hill in Fife, and Necropolis Hill, Glasgow'. 

The impact sidcp which is scraped bare^, is commonly steep or precipitous 
andp as at Castle Rock, has a horse-shoe shaped valley half encircling its base 
and extending leewards as lateral grooves which gradually diminish in cross- 
section^ e.g. Princes Street Gardens and Grassmarket, The frontal groovep 
sometimes undercut or occupied by a rock-basin^^"^^ may be missing if the 
obstacle had a lifting effect and the Ice ^vas fairly rigid* the “precrag” 
accumulations of the closing stages of glaciation probably arose in this way. 

The tail frequently descends from the very summit of the hill in a smooth, 
gentle slope (pi, IXb, p. 256) whose length depends upon the height of the boss; 
it may range from several kilometres to ordy a fcAv metres or centimetres. 
Grains of ^raet or quart?, in schist, quarts pebbles in slate, chert, fUnt or 
fossils in limestone^ quartz-augen and pebbles in conglomerates and amyg- 
dules in bas^dt proride miniature crags and tails n4 (" icc-shadotvs”!'^^; 

knobs and tails Island-bosses in the sea have built tapering shallows,^"^^ 
as in the lee of Gotland and of Bornholm (Honnebank). 

The tail may be solid or niay consist of drift or preglacial soil preserved in 
the of reduced ice-pressure or stagnation.Examples of tails 

of unremoved solid rock^^ are connected with Stirling Castle Rock, Castle 
Rock, Edinburgh {Upj>er Old Red Sandstone and Carboniferous sandstones 
and under High^ Street), ^sexite and nepheline syenite at Mount 

Royal, ftlontreal, and limestone in the lee of dykes in tlie St+ Lawrence 
region. Many owe their shape in the main to prcglacial weatheringor to 
desk-stincture, as Playfairl®! observed. Calton Hill, Edinburgh, for instance, 
has Its dip slo^ tq the e^t or lee, its escarpment to the west or impact ^ide. 
icewar ip, as in Corstorphine Hill near Exlinburgh, makes the crag 
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WTiile taiJs of preglacially weathered material are mfrequent,^tails of 
drift are very commpri; for crags resemble boulder? in a river bed with tails 
of sediment pointing downstream—the resemblance led Sir J. Hall to invoke 
strong currents for the Seottiish crags and tails. Debris saturated the stenant 
ice and ultimately displaced it. As examples may be cited Arthur's Seat, 
Edinburgh, Moen, Gotland and Bornholm, and the horsts of Jasmund and 
Riigen in the Baltic.Drift, heaped up in the angle between confluent 
valleys, often had a similar origin.*®^ 

5 - Subglaciai Disttiftances 

Character^ While solid rocks as a rule were striated and otherwise 
glaciated, other rocks, especially if they were soft, were often disturbed by the 
ice—in the case of the Braunkohk of Germany to a depth of 150-200 
Gravels are apt to be contorted^ and solid rock? exhibit a minute jointing vvhich 
passes into brecciation: in die East Anglian chalk, this is accompanied by a 
crumpling of the flint layer? and by thrust faulting. Clays are squeezed into 
folds, and sands are driven into the arches. The folds become steep or 
vertical an d finally break into fragmen ts which ride forward. They sometimes 
he on a particular horizon between beds w'hich remain horiaontaL^®* Over 
an area measuring 12 km by 8 km in w est Flaming, the Oligocene and drifts 
form slightly curvx^d and parallel anticlines and synclines up to 30 in number, 
bifurcating and re-uniting with a dbumce from saddle to saddle of 100-- 
300 Elsewhere in north Germany there are folds more than 1 km long^ 

The Saak" ice-aheet produced in Emsland a schuppen structure l®® in the 
earlier drifts and underlying Oligocene and Eocene beds to a depth of 150 m, 
which w^as the depth of the permafrost; the folds and schuppen axes are 
shown in the text-figure*®^ (fig. 51). 

Distribution. Disturbances of this kind^ ivhich have long been known, 
arc widespread in the hicsozoic and Tertiar)' strata of eastern England,^ as 
in Lias clay at Blistvorth, Great Oolite near Towcaster, Oxford clay 
at Huntington, and Chalk near Flamborough Head and Hitcham; in north 
Germany in lignite, Muschelkalk, Chalk and Tertiary, especially in the 
area of the Oder Lake; in Scania and ?outh Sw-eden, as described by E. Erd¬ 
mann, O. Gumaelius, A. G. Nathorst, D. Hummel and O. Torell; in Dcn- 
rnark (see below), Holland,and cast of the Baltic^ as near Leningrad. 
They have been occasionally discovered in Switzerland,!^^ Icelandand 
Russia (see p, 259) and in several North American localities, including 
Alberta (Cretaceous rocks), Martha*? Vineyard (sharp anticlinal folding in 
Miocene clays) and Long Island, whose flexures are 50 miles (80 km) long, 
sev^eraJ miles wide and 50-100 ft (15-30 m) high. 

Glaciostatic origin. While some may dQubtfully and locally result from 
slips,!^® a falling water-table,®^ an epigladal rise of the isogeotherms,^^ local 
ice dropping blocks or grounding in extraglacial lakcs,^^ decalcificatiorij 
sobfluxJon (see p. 567), or melting of dead ice (see ch, XXI), widespread 
disturbances in solid rock cannot be so explained. Glaciostatic or tectonic 
forces only can account for them* 

Advancing ice may be Ukened to an overthrust sheet and its ground- 
moraine to friction breccia or my Ionite. It striated and polished the rocks 

and plucked and shattered them to a depth of several metres, displacing them 
by small faults .203 inserted tongues of boulder-day or boulders along 
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thdr structural plane$ ($€e p. 364)^ the gmiite bbdis half buried in the 
Devonian cla}'s of Dorpat.^ It stripped off patches of the pregladal rubble 
and iiicorpomted them in the drifts together with rolled up wdspa or piUow- 
shaped masses of the subjacent clays^ and kneaded together the glacial and 
pregladal materiaJ.^^iS it generated foids^ overfolds, isoclinal folds^ and 
thrusts perpendicular to its flow 20* - brecciatedi sUekensidedp crushed and 
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shattered the rock; imparted a tdmppen structure to the drift 207 and the 
underlying beds, as near Hamburg 20 * to the brovincoal of Germany 2 (» and 
to the Chalk near Chesham (Buckinghamshire) 'which it tore into long strips 
and piled up one upon another2l<l; and displaced large blocks composed of 
sdT,-etal layers, arranged eillicr in normal succession or folded and inverted^U 
—a bore near Rostock passed through six SchoUat Intercalated with drift 212 
These masses by their ruin in further transport may explain the local abund¬ 
ance of certain fossils or erratics of a particular or rare kind of rock 2n_three 
boulders of Shap granite at Balby, Adwick and Royston in south Yorkshire, 
which have a vein of felspar running through each of them, were formerly one 
boulder 2W An inverted mass of Gault and Greensand, c. 230 m long, at 
Leighton Buzzard ^15 was transported en bloc from the north and overturned 
when Its sands and days were frozen hard Ms Alternatively, its separate 
uni ts were piled up in inverse order one above another 212 

'Th^- disturbancea were apt to occur if the ice-flow was impeded by 
irregular ground, as on the faulted country of Holland,2W by Kcending 
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V. Vhw from south side of Mi. Washington toward Ml Monroe 

{ 5 p 3^5 hite Mountains, New Hampshire^ shapc^d by ice 

nverridin^ from north-ivest {r$ght) to south-east [R, J, Lougee] 



II- l-dtiihurgh Castle Hock show'ing upstream crag encircled by horse-collar 
groove and tail to the east (? 7 if 77 /fiejf, lx>ndon] 
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A. Cvvms of Snowdon looking westward over Llyti IJydau and Glaslyn 
[J. K. St. Joseph : Cix>wn copyright] 


B. Cirques about Striding Edge, Helvdlyn, Lake District 

[jr K. ht. Joseph : Crown copyright] 
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GLACIOSTATIC ORlGIff 

slopes,^'® as south of thv Baltic depression or north of tlie Trebnitz Gobirge 220 
(where faulting has also been invoked) or along the sides of vidlcys, e.g. near 
Posen, in north Germany and in East Anglia (sec p, 992 }. 

Glaciostatiq disturbances may be attributed to push effects at the edge of 
the ice during a general advance 221 or, more probably, during a general 
retreat 222 the ground had thawed and the folds, etc,, were left un- 

^sturbed. It has been concluded that the permafrost was thawed when the 
ice advanced on to it and so w'as eroded223 and that lines of blocks in the lower 
part of the till represent the plane between frozen mass above and unfrozen 
below. 224 Studies about Breslau 22 s suggested that beds were folded 
w'hen the gi^und was unfrozen and the ice was thin but were thrust and 
planed off if the ground froze and the ice was fairly thick. Largu-scale 
disturbances, however, were probably sub marginal and not formed under the 
thick ice of maximum glaciation .226 They have been ascribed to torsion 
e.g. between the east Baltic and Smiknd ice. 22 T ' 

TTiese crumplings, foldings and displacements are well displayed in many 
places, including the New England islands of North Ajnerica.22fi' The finest 
are on the soutli coast of the Baltic, as at Rugen and MCicn and in the Danish 
Kiints (e g Moens Klint, Lflnstrup, in north Jutland, Rlstinge on the 
west side of Langcland, Rfigen on Ejm), and have occasioned much coA' 

suggested by F. Johnstrup22s two years before 
O. Tor ell's paper advocating the glacial theory for north Gennany (see p, 627 ). 
It was later advocated by many others230 who emphasised that the planes of 
dislocation were irregular and restricted to the upper 20-40 m and dipped 
towards the direction whence the ice came; that the included masses, such as 
chalk, m the drift tended to form gigantic "eyes" and tail off at either end 
into streaks; and that like structures occurred in Schleswig and all parts of 
German Plain231—drift underlies 200 m of chalk in Pomerania.232 
Gripp233 mterpreted them as stau-moraines when Jasmund and Mocn were 
nunataks and E. Pliilippi,234 jn a documented review, regarded them as 
glacial thrusts falling northwards. Spitsbergen provides modem paral]e]s, 23 S 
I j'ifmovement at MSens Klint was subglacial 
and differential as proved by the strips of drift intercalated in the chalk and 
the latter s internal structure, and by the tj'pieal anticlines which are distorted 
into flow-overfolda parted by thrust planer (see p. 39 S; fig^ 52 )- 

Tectonic origin. While this glaciostatic explanation is the more likely 
one, German geologists have on the whole favoured the purely tectonic or 
non-glacial origin,237 first expressed by Lyd|23S and accepted during the 
present century by an increasing number of Danish geologists23® for Moens 
Klint, Lbnstrup Klint, Ristingc Klint, Rogen Klint, Vcncisyssel and Scania— 
the earlier view favoured plutonic forces. 2 -*® 'I’hus the disturbances are 
pai^lel and coincide with areas of faulting in earlier periods24i or to-day242 
(slips ?), and the drift and chalk meet along smooth and regular planes. The 
date of the faulting is disputed; prcglacia],243 postglacial 244 or interglacial 243 
are the dates assigned. The faults have also been thought to have taken place 
during the advance of the icc and to have recurred with each glaciation from 
tangential pressure exerted by the ice upon an unstable terrain 246 
an awakening of inherited tectonic tendencies.247 Interglacial faulting has 
found most favour 24fi (" Baltic faults "249. " Baltic dislocation phase "2^); it 
accounted for certain characteristics of the upper drift, namely its high Bme 
17 — Q.E. I 
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Fig. 51.^ — The disturbed ettclal dcpa&iu near L^nstrup, Denmark. D. Slatcr„ T- R, Sr E. 55, tflaS, pi. 1 (part of). 
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content in Schleswig-Holstein, its undisturbed passage over the dislocated 
lower drift, and the distribution and great size of the erratics in north 
Germany (sec p. 364 ). A middle view invoked both glacial and tectonic 
action. 2 *i 

Russian geologists are similarly divided upon the cause of the disturbances 
that are known from various parts of European Russia, 2 J 2 as near the Valdai 
Hills, ne^ L^e Peipus and in the Volga and Dnieper country. In the region 
of the Valdai Hills Carboniferous masses have been pushed over glacial 
deposits for a distance of c. too km and smaller masses occur in the Smolensk* 
Moscow ridge north-west of Moscow. West of the Dnieper, they occur over 
a region yo km long and 35 km broad and include besides Quatemaiy 
depwits, rwks of Jurassic, Cretaceous and Tertiary- age. In favour of the 
glacial origin is the small altitude of the zone compared with its great width. 
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ROCK-BASINS 

A reality. It is now agreed that closed rock-basins* other than solution 
lakes or tectonic lakes like those of East Africa or the Dead Sea^ do ejeist. 
The occasional denials^ are unjustified; for the hypothesis of detrital dams has 
succumbed to careful investigation. Neverthele-sSp some basins, as in Snow¬ 
don ia,^ are not demonstrably rock-bound and others whose outlets are over 
rock-iims* a$ in the English Lake Distrietj^ may have preglacial outlets con¬ 
cealed by drift. Most lakes had a composite origin; their lower layers alone 
are rock-|>ouiidp the upper ones being ponded by moraines or drift which 
crovvTis rock-ridges and both heightens the lakers surface and determines its 
configuration and extent. If their dams were removed, Lago di Como would 
lose c* 150 m of its depth, and Lake Constance one-third of its area.-* 

Shape and size. Shape and sizCp together with local stnicture, are im¬ 
portant clues to the origin of rock-basins—W* Halbfass^ has catalogued the 
dimensions of the world's main lakes. I'hey vary in plan from the oval 
cirque-lake to the elongate (see p+ 241). Their sides are steep and 

lack sinumitics and their isobaths portray the downward continuation of the 
subaerial slopes. The bottom is more or less flat but may be divided into 
subsidiary basins by subaqueous barriers which may be moraines/* e.g. in 
Lake Lucerne, Zurich See, Lago di Lugano and Lake Lomond. It is often 
spoon or shovel shaped, the valleys to use W. D. Johnson's apt phrase being 
*'down at the heel".'^ 

Most lakes were originally deeper than now since they are floored with 
alluvium of an unknown thickness which has sometimes made the central 
parts remarkably even® and has only occasionally been penetrated^; it is 
about one-quarter of the original depth of the Freihergsee in AHgau^o ^nd 
may be 80 m in Lake GenevaIts unsuspected great depth led to the 
disaster during the cutting of the I^tschberg tunnel. 

Generally speaking* the smaller the lake, the greater proportionately is its 
depthj^ Thus cirque-lakes are relatively deep^"*; this has been demonstrated 
in Sutherland, Snow^donia, Co. Wicklow, the Lofotens, the Alps and the 
PjTcnees. ^Fhelr quotient of depth to length exceeds that of other lakes; it 
is as high as J:8 -58 in the Hohe TatraJ^ In ""cry ptodepressions”^* the 
floor is below sea-level: it is necessary, for example, to go 4™ km from the 
mouth of the River Po to south of Lissa in the Adriatic before the depth of 
Lago di Garda (= 346 m) is equalled and 120 miles (r. 200 km) into the 
Atlantic Ocean to attain the equi^-alent depth of Ijsch Morar {987 ft: jot m). 

Much misconception w'OuJd be removed if, as Ramsayurged, lake- 
profiles were drawn to natural scale. The water in the vast majority of cases 
is a mere film. Even the deep subaJpine lakes, as tables and sections show,l8 
are insignificantly thin compared w ith their length (see p. 276). This is triie 
too of the Scottish lakes thus Loch Lomond is 176 times longer than its 
greatest depth and Loch Ness ij6 times, and die ratio of length to depth in 
Loch Morar, the deepest of the British lakes, is . Exaggerated profiles 
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arc lai^ely resjponsiblt for the statemerit that ice does not " dig holes or for 
the view that lakes are pot-holes or erosion basins drilled by subglacial 
streams (see p, 240). 

It is, thercforej not the depth but the gradient of the reversed slope (Fr. 
contn-pentey that is vitals This is 11300 in Ammersee and 1:190 in Stam- 
berger See^^ and is only 2® 21^ in Lago Maggiore,^^ the second deepest of the 
subalpine lakes. It varies In Swiss lakes between in Lake Genei.^ and 
Zuger See to 53%^ in Lake LtJcerne +^3 It Is i"‘ in Chiemscep which is typical 
of other Bavarian lakes,and ranges between 7IL and 2^% in Scandinavia.^ 

Origin. Early Alpine monographs, such aa those of J, Payer on the {}rtlcr 
AlpSp A. V. Sonklar on the Stubai AlpSp and A. Waltcnberger on the 
Rlisitikon, \\(rttcr5tein and other inountiiins, were purely descriptive of 
the orography and orometry. Any explanations they offered reflected the 
ratastrophic views of A. v. Humboldt, L. v. Buch, ± dc Beaumont and li. 
Studer, the teachings of J. Hutton and J. Playfair being cither unknown or 
msre^raed. Once the origin of the features came to be discussed (O. 
Pescheli* was one of the first f do this) widely differing opinions arose. 
Hutton had only been able to suggest three explanations: landslips, earth- 
movements and solution. 

Rwk-basins, as we now know, may be hollow'cd out in manv ways; by wind 
as ahallovv deflation basins, ^7 e.g. in Pomerania, central Asia. New Zealand, 
the Wor^ American prairies and on high granite plateaux in the Scottish 
Highlands; by unequal weathering under peat, 2 * as in the English Lake 
Histnct; by solution m liTnestonc3,» as affirmed for the tarns of the Canton 
1 icino {cf. p. a^), some Irish lakes and the Limestone Alps including the 
Triadic area of the Adamcllo group; by subsidence.-’O as in Albania; by 
swirling waters 31 ; by anchor-ice^2; or by ice expanding in crevices and lifting 
out the loosened Nevertheless, the vast majority were not made in 

any ol these ways: die forces are quantitatively inadequate.’ 'rhere. however, 
grttment ends for view's diverge widely. Hence the problem of the rock- 

be sought 

s^^telywi h expect to the shape of its floor and shore and its relation to 
practice mto deciding faeUveen two forces, tectonic mo%'ement or ice. 

thw^i*e°*bv fot(lfn&''f^^^ claimed rock-basins were made by the first of 
were'n^LinJ ?k’ "'G or dislocation. Earlier geologists^ 

?T°r have invoked fllxures 

r i: ^ Geneva and the lakes of Salzbun? north Italy 

Dauphine. the foot of the Jura Mountains, and the Alps in general ^as well 

Fmttemore, V movements mS have'w'™'"" “"'pl'*- 

rapid ihnt erosion could not keen pace “ 

'tr t'7 

KWg ie“ aid"SfhM'l^S"r'^rf ,'“P™rible for Lake Ladoen« 
oad foe ta-me Pava„a« I.aly« 
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tectonic imovementa are suggested too for the Jura lakes and for certain 
subalpine^^ Bavarian and E^'rencan^^ lakes^ Recently^ they have been 
repeatedly demanded for Lake Constance after M. Schinidle^ had showTi 
ttuit the lake lay betiveen longitudinal faults and had horsts rising from its 
floor. The faults were subsequent to the Mindel glaciation and are still 
active as recent earthquakes^^ and fine levelUngs^s prove. 

Nevertheless, wc must recognise that while dislocations, joints^ dykes and 
junctions of hard and soft beds have largely controlled the direction of Jakes 
and their branch*^, these lines of w'ealtness have merely guided erosion^7 ^ 
in Bavaria^ Fen noscan dk and the Scottish Lewisian country. Lakes formed 
by selective glacial erci^ion have been termed “roxen lakesafter Lake 
Roxen in south Sweden, or glacial lakes of the Finland type.^® 

Preservation hypothesis. Lakes, it has been supposed, mark the sites 
of pregiackl or Tertiary depressions kept free from sediment by Pleistocene 
glaciers. This ** preservation hv^jothesk has often been applied to the sub- 
alpine lakes.*^ especially in north Italy, to some Ba^’^rtan lakca.'^^ and to the 
glint lakes of Swedish Lapland,*^ It was widely invoked by E. Reclus^^ 
and revived in a modified form for Switzerland by {see p. 279) and by 

R. Staub *5 who postulated masses of dead ice in the Rmtdseen and other lakes, 
on the evidence of backward inclinations of lateral moraines and deltas in the 
upper parts of the lakes and of an ea rly gkcio-lacustrine clay on the lake-floors, 
the ice-rmsses persisting for periods depending upon the local conditions, 
eg. precipitation, nust and winds (including tlie foehn). Yet the hypothesis 
fails to explain the fluvioglaclal material above as well as below' the lakes; their 
restriction to glaciated terrain; and the absence of preglaclal alluvium under 
the drift.^ Its main weakness is its failure to solve the origin of the lake- 
hollows: It relegates these unexplained to preglacial time. 

Ice-«oaioii. The general acceptance of the glacial theory for the 
phenomena of the drift, particularly In Switzerland, made possible a further 
advance In the study of glacial forms. Ramsay in Europe and Logan ^ in 
Canada almost simultaneously conceiv^ed the idea that ioe had scooped out 
lake-basins. Attracted by its simplicity', a few British scientists*^ im¬ 
mediately w^elcomed the theo^>^ But the balance of opinion was hostile and 
prominent geologists of the day, led by LyeU^^ in England and by Heim 
on the continent of Europe, rejected it. The theory passed through an eclipse 
wWch was only ended by its renewed championing by Penck and Wallace. 
The steady support of the Scottish school in Britain,of Davis and Gilbert 
in North America,^^ and of Penck and Bruckner on the mainland of Europe 
led to its revival and indeed to its extension at the end of the century' to the 
valleys of w hich the basins are an Integral part (see ch, XIV). 

The theory has been held for most lake-regions, e.g. the English Lake 
District,the "‘‘finger lakes" or “‘piedmont lakes” of Sweden,"^^ the .AJps*^ 
Py'rcnecs^'^^ Black Forest,High Sierras of California,New Zealand, 
Canada's glint lakes(eroded along the boundary' between the Archaean and 
Palaeozoic strata), and for limestone regionslike the Canton Ticino and 
central Ireland. 

Proof. Glacial erosion of pteglacially w^cathcred material and of some 
solid rock La in the vast majority of c^ses the most satisfactory theory. It 
haimoni&es most readily the greatest body of observ'cd facts. Nevertheless, 
direct and convincing proof is by no means easy to gather. Some of the 
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evidence cited is unsound: it merely establishes gl^id occupation. The 
glaciated sides, lips and floors of the basins, revealed by draining some lakes 
in the Alps and Pyrenees for power undertakings^®^ strictly demonstrate 
only that loe occupied the holloi\^. Similarly, an appeal to their recency®^ 
logically proves a Quaternary age and not necessarily a glacial origin. 

Ramsay himself;^ like so many geologists after him^ arrived at this riew by a 
process of exclusion. Rock-basins^ ^though admittedly predisposed topo' 
graphically, tectonically or lithologically, were not formed by synclinal folds, 
lines of fracture, subsidence or solution. 

The most potent argument is the verj^ striking and significant fact that rock- 
basins concur in their distribution with past glaciation,®^ whether this be in 
folded mountains like the Alps or the Karakorams, in elevated old masses like 
Scotl^d or Scandinavia, or in the basalts of the Scabland area of North 
America. This has been repeatedly shown, e.g. in Bavaria,®^ the .Auvergne®® 
and I^^rcnees,®'® Bohemian Forest,'® Greenland^^^ South .Americaand the 
Kosciusko region of Australia^^^ They are also restricted to those parts of 
v'allej's which the ice covered and modified from a V- to a U-shape^'^ (see 
p. 322), as in north Italy, the Black Form, Russian Altai and New Zealand, 
Lakes in the Aukon district of Alaska are exclusively confined to glaciated 
terrainand in the Andes of Peru and Ecuador to between the present snow- 
line^d the limit of the Pleistocene glaciers^: south of 41* and especially of 
46 they occupy a series of valley or piedmont basins which in some cases, 
Argentino, Buenos Aires, Pueyrredin and Viedma, tie within morainic 
amphitheatres of the last glaciation. The lake-swnes in Patagonia converge 
northwards as the glaciated region narrows.^^ In North America, the 
^uthem houndar)' of the lake-countrj^ follows roughly the edge of the 
Wisconsin glaciation, as in Masaachusetts, New A'’ork, Wiscoiisin and in 
unnesota which has over 10,000 lakes. Peats marking the sites of ancient 
lakes are similarly related to glaciation. This is convincingly brought out in 
I^at maps of wntral Europe^® which reveal two main peat areas, the one in 
T ^ lake-2one, the other in the Bwiss Plain from Lake Geneva to 

Lake Constancy thence over Wiirtteml^erg to south Bavaria and Bohemia. 
In Switzerland ® the extent of the last (Wurm) glaciation can be traced by the 
pe^ mossK. North Americ^JW shovys a similar intimate relationship. 

his coincidence of lakes with glaciation has rare exceptions. There are 
on t e one hand the relafively few lakes which lie outside the glacial limits, 

^ A arsllands as the Balkans and Kentucky; in volcanic district? like 
Auver^e and south Italy; in steppe lands such as Hungarv^ and the 
Great Basin r^on of North AmerJca; in coastal mar.Hhes: and in tectonic 
(17+1 m deep) and east Africa (Lake Tanganyika, 
^ ' T ^1 wanting in central areas of non- 

r more southerly situated 

faS ^ south Carpathians, Himalayasi 03 (they are not quite 

Shf Am?riS!'^ *" southern Rocky Mountains and WTiite Mountains of 

al^arrivei^l^f/^M^ t ^ attributed to severe erosion by post- 

rim fck wt ^ ^ ^ by higher gradients and the poverty of the vegeta- 

since glacieraio®; orL bS s<dimentation 

Their signs of numerous lakes up to 6 km long.iO^ 

to the shortnel of 

g ers or to tlit original shallowness of the lakes which did not surv i ve 
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r^pid erosion :intl infilling,apparently not real^ for the Pyrenees Have over 
1000 lakes of which 942 are cirque-lakea and 99 valley lakcs.^^ Their lack 
in the south Carpathians is likewise due to the shortness of the glaciers^ or 
to the great fluvioglacial accumulations 1^*7 in the eastern Alps to early crustal 
stabilityin the Apennines to the occurrence of limestones^ and in the 
Himalayas and east Tienshan to rapidly eroding rivers which have prevented 
lakes from forming^*'* or, alrernatively^ have filled them in^^^ or—on the 
hypothesis that the subalpine lakes are due to subsidence (see below)—to the 
absence of such tectonic movements in the Himalayas+*^& 

The coincidence also holds in a vertical sense. From broad, basin-shaped 
hollows on the plains or at the foot of mountains we pass by long, narrow 
lakes in the valleys to round liochsetit in the cirques and small hollows on the 
passes, e.gx the Simplon and Creat Bernard pas^ses. The lake zone rises with 
the glacial snowline into lower latitudes ^ (see p, 296), 

The coincidence goes even further; for the lakes are seemingly propor¬ 
tionate in size and number to glacial severity, 'Fhey decrease in the Alps^ *® 
into the less glaciated east and diminish northwards with the glaciation in the 
south Alps of New' Zealand. They also shoal and approach the mountains 
as the glaciation contracted in the German Alps^*^ and in the Andes where 
(here arc Rmtds^en in central Patagonia and south Chile and small lakes only 
in the moutains at 4"' ^o' N. 

Additional proof is afforded by the parallelism of the rock-basins with the 
ice-flow,as Sefstrom^^ noticed, even where the ice swung round or 
radiated fan wise—^valleys transverse to the flow have few or nonc^^^ (see 
p. 323); and by tJicir situation in positions of severest glaciation,Their 
depths, generally speakingp correspond to the si^e and importance of their 
valleys and of the occupying glaciers,IHicy are frequently, as in the Lake 
District,*26 below the junction of ttvo valleys where the smaller cross-section 
augmented the ice’^pressurc. Rock-basins, indeed, often occur where flow^ 
was quickened, as in diffluence passes (see p, 332)—the Hudson River valley, 
in a massive highland j 400-1600 ft (425-485 m) high, has a rock-basin 765- 
950 ft (233-290 m) below sea-level^27^al the confluence of glaciers *^® 
fiuence basins^"), and in valley constrictions(due to superposition, ante¬ 
cedence or local rejuvenation as is seen, for example, in the unglaciatcd parts 
of the y^T valley in the Maritime Alps), This analogy with the scour and 
fill of streamsaccords with the law of the adjustment of cross-sections 
and with the swelling of the ice in such positions as was early recognised from 
the direction of striae on valley walJsJ^^ Enhanced pressure and velocity 
augmented the scour^^^ which was proportional to the veloci^^ cither the 
third pow'Cr^^ or directly as experiment suggests,or to the squareor 
cube^^7 of the depth. 

According to other gcologists^^^® basins occur in the widest parts w^here 
lateral friction was least, basal friction w^as highestN and the motion %vas least 
impeded* Complementary rock-barriera rise in narrows where spurs pro¬ 
jecting from the sides sustained the maximum pressure. 

Rocky islets may be linked %vith more resistant rocks (they are missing from 
basins of uniform rock like Starnherger See and Ammersee^^^) or with central 
positions where they escaped the influence of the d i rty lateral ice, 1 hey may 
also be due to initial irregularities which rose above the debris-laden base and 
became accentuated,*^ or to initial shallows in the glacier-bed Avhich, by 
reducing the glacier's depths tended to become higher and higher,*'^* 
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The basin h often deepest at its head*'^^ : this had the great thickness and 
pressure of ice (a glacier:^ unlike a river, comes into c^stence almost full 
grown), the longest glaciation, the most angular material, and lacked the 
glacial accumulations that often abound in lower stretches. Here too 
rotational slipping was likely to occur (see p, ! i8)—it also took place above 
the snout and below ice-falls and steps. 

The glacial theory was supported for the Scottish lakes which were 
eroded during the valley glacier phase; it was in consonance with the 
logical structure and glacial phenoirtcna, with the U-shaped cross-section^ 
with the frequent coincidence of the deepest with the narrowest parts (rock- 
basins are rare in the open and comparatively shallow valleys of the Motiadh- 
hath and Cairngorni ^lountains and eastern Grampians). The lake$ have 
separate basins and often slope most steeply at the concave bends where 
differential erosion was presumably most powerful. 

It i$ corroborated by the basins uncovered on the retreat of existing 
glaciers (French Alps, pim; German Alps^ Swiss Alps, Plaiten) 

like the Gepatschfemer, OberBulzbachfemer, Flessniukees, and in the 
Krimmler Td, Uohe Tauem, and by the descent of the floor of the Crillon 
Glacierj Alaska, to c. 50 and the Fedchenko Glacier to r. 150 m below 
the snout — ^this has been attributed to static buoyancy of the tongue behind 
the glacier outwash^'*^by the discovery, through seismic means, of a rock- 
basin below the Mortcraisch Glaciert^^'^ the Concordiaplatz of the Aletsch 
Glacier (P. Veyret, 1954) and the Saskatchew^an Glacier^ Alberta (M. F, 
Meier et nL, i954)t occasional rock-basin between the Hofsjokull 

and Langjokull in Iceland 

It is abo confirmed by the rock-barriers (Ger. Riegel^ Fr. whose 

convex, smooth and striated surfaces sink into depressions above and below. 
Plucking has often made their downstream faces steep and rugged while 
upstream they arc mammilated and excessively scoured. They are usually 
pierced by a gorge, like the celebrated ones on the Aare above Meiringen,^^^ 
sawn through by a suhglaeial or postglacial stream (see p. 240). 

Like rock-basins^ the barriers arc relatively small compared with the ice- 
thickness and are found in various glaciated regions,^e.g. the Pyrenees 
and the Antarctic and in not a few Alpine valleys, e.g. in front of the Upper 
Grindehvald Glacier, at St. Moritz in the Rhone and at Kirchet in the Aare 
valley. Alany modem Alpine glaciers end just above barriers of this kind 
and have filled the inten'ening hollows with fluvioglaciai debris^ Others, like 
the Aletsch and Gomer glaciers, terminatejustat the barrier, their oscillations 
merely swelling or lowering the ice without altering it horizontally —hence 
the tendency of such barriers to be crowned with moraines^ 

Elevations of this sort crevassed the ice and may have reversed its slope; 
me dimples on some Antarctic glaciers probablv mark tlic sites of basins 
behind rock-barricrs,l 5 l ' 

Barriers have often been discussed since Rutimeyer and Heim first drew 
attention to them. There can be no doubt that hard rock, e.g. limestone, or 
infrequent jointing favour their persistence. * 5 * The barrier at Kirchet occurs 
on an ^^Hnal fold^^s many at the lower ends of rock-basins in tlie 
Highlands consist of hard rocki^^s like the Ben Led! and Ben Leny 
gnts (Gr^pians), Lewisian gneiss (Ross-shire), or Moinc schist invaded by a 
p exus o granite intrusions (Loch Shiu)^ The persistence of limestone as 

arners and the resistance of schotter to glacial erosion have been correlated 
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with the inhltration of waters which in this W2.j were unable to help in abrasion 
as they did over impermeable rooks. 

Briickner^ss recognised five kinds of barrier and barrier step due to 
(tf) undercutting by a main glacier at the entrance of hanging ^-alleys and 
lessened erosion at the mouths of tributari^ w^hose ice was dammed up; 
(&) selective erosion; (c) confluence of hvo or more glaciers; (<fj vaiying 
erosion brought about by ghanges in a valley's width or gradient; and 
(e) prolonged halts of the ice. As de MartonneJ^^ has suggested, they were 
left where glacial erosion was reduced by the accident of preglacial relief, 
i.c. ruptures of slope, constrictions, emergent hard rock* elbows of capture, 
or lobes of incised meanders. 

Barriers pass through transitioiis into bosses (Gcr, Riegelberg). These 
rocky knobs, more or less isolated, rise where spurs have been only partially 
consumed (see p. 316). J. Bnmhesi*^ distinguished three types: {a] bos^e^ 
at the snout j either buried and marked by a swelling of the glacier or appearing 
at its surface and cleaving it—instances are connected with the Upper Grindel- 
wald and Upper Aletsch glaciers; (i) Phiten^ as in front of the Aletsch and 
Fiesch glaciers; (c) Jiue/fiwys, named from Inselberg ne^ir Innsbruck—others 
(better termed are found near Salzburg and at Sion in the 

Rhone valley. 

BarriersH though regarded a$ entirely of preglacia] development, were 
not made by rivers which tend to efface them (see p. 506). Nor are their 
abundance, position or direction reconcilable with tectonic movements. 
They strongly argue for the glacial erosion of their connplementary forms, the 
rock-basins. The latter often lie at the base of steps, in posi tJons analogous 
with “swirbcolks*^ at the foot of falls in rivers^*^—the basin below Niagara 
Falls is 50 m deepJ^^ Martonne^^ worked out a formula, not immune 
from criticism (ace p. 329), linking the friction of the ice on its bed ^vich 
velocity and pressure, the latter being proportional to the cross-section of the 
bed and cosine of the gradient* Erosion decreases above a certain angle as 
the slope increases and is severest above and below^ breaks in the profile and 
in narrow's. These conclusions find confirmation in the Vosges where 
modest altitudes, relatively horizontal structures and maderate gbciation are 
especially favourable* They were supported by Collet and by de Mar- 
tonne's own observations on ground which retreating Alpine glaciers laid bare, 
striae and other marks being more pronounced on flats than on steep de¬ 
clivities.^^® Similarly, the Cascade Glacier of Alaska, protruding over the lip 
of its hanging vaUey, has been unable to remove the striatians the trunk glacier 
made on the wallJ^i 

Rock-basins, like drum I ins and roches moutonnies (see p. 253)1 been 
related to a rhythmic movement in the ice,^^^ c-g- to a rhythmic alternation 
of plunging and rising related to the incoming of tributary ice-streams. 

Zungenbeck^n. The biggest rock-basin is the terminal basin (Zungen- 
becken^^^). Tt lies in the ''central depression" and with the moraine (B, 
GaataJdi's ^‘moraine amphitheatreand outwasb constitutes Penck's 
'^gUcial series (see p. 441). The critical line of the rock-rim may co¬ 
incide with the sudden rise in the floor.^^ 

These lakes, which on plains are usually round and broad and in valleys 
long, narrow and deep+ may, like the Bavarian Chiemsee, Tegemsee and 
Wurmsee, persist as open basins^ form turf flatSt or be filled vvith outw^^ 
particularly if copious streams enter thentp as in the Rosenheim basin. 
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Penck divided terminal basins into a main baain iStamm^cken), of which 
he recognised two types (fig, 53), and a number of branch basins (Zcfe^iec^frt) 
radiating from this, e.g. Iidiea Oberlingen and Zell (with the valleys of 
Schussen and Aigen) and Lake Constance* They arose where glaciers were 
unable to fan out upon the foreland, as in the Inn and Salzach glaciers. The 
rise separating the main from the branch basins may be a pregbeial ivater- 
shed, an elevation on hard rock, or a group of dmmljiis.'*<> 

The central basins (Fr. bassins tertaitiaux) were apparently excavated just 
above snouts that long remained stationary.!*! On the theory that erosion 
is severest where the ice is thickest,!*^ the diminished ice-thickness and 
slackened flow entailed a reversal of slope,* especially if the ice branched or 
fanned out*®^ and had thrust planes in this position .!*5 An additional cause 
may have been the increased plucking which resulted from reduced thick- 
(see p. aS*) exclusion of sediment by the glacier, as suggested 

for the caentral Swedish lakes.!** Thus a morainic girdle (A. M. Hansen’s 
" ln(iqd stage"!*®) encircles the Scandinavian lakes'*^; the second bow of the 




FlC. 53-—Two of terniLnaj basin (ZungetibEcketiy Type i (top dim^rom), Amrincracr. 

The Wiiimschotterfw) pn^se^dawnw^rd!} fforn WUimn end^tn^mLne which 

tiuToundfl a liAJce bum (S) and above whkb lie intetglacbl scboccer (rw) rrsting oti RUs 
mgraincs (R). Type 2, (lowct dugrwi), Gldttdl. Fluvioglacial Wiinn schottcr (w) pass^ 
dgwTiwards from Wiirm erid-mdmifii! {W) and llrij likt the end^morain^, on irit^rglajcui 
ftchottcr {rw), which in turn rtstR gn Riss morDincs:. A. Penck, SHr pftttSi. Ak, 119^i 

143. S “^<1 5 - 


Second Salpausselka folliows the southern and south-eastern end of a big lake- 
depression*™; and many lakes mark the limit of the last glaciation in north- 
west Europe, e.g, I.ake Ladoga, Lake Onega, and the Gulf of Riga,*'** for 
which a glacial erosive origin had early been suggested.*^ The ^teeigltecken 
of the Alpine glaciation have been correlated with the Wiinn epoch,*®^ 
Linstow's Diluvial Depression of north Germany (see p. 490) has been 
interpreted as the Zuii^fwieclfe/j of the Scandinavian ioe-sheet, and the 
Lubeck, Stettin and Danzig bays as the branch basins of the Baltic*^ (sec 
p, 282); alternatively, the bays have been regarded as Zurtge^becken with 
branch basins f^Ztseigbecken) within them (fig. 54). 

Lake-zones characterise the Wiiitn glaciation and its various retreat 
stages*^* 5 —the lakes in Salzkammergut belong to the Gschnitz stage.*™ Each 
big Wiirm glacier has its terminal basin (e.g. Lake Constance of the Rhine 
Glacier, lakes Zurich and Luceme of the Linth and Rcuss glaciers, Brienzer 
See and Thuner Sec of the Aare Glacier, and Lac de Neuch^tcl and I.,3ke 
Bienne of the north-east branch of the Rhone Glacier and Lake Geneva of its 
south-west branch) which has “spum" of old material converging upon it 
from the outer margin like spokes of a wheel.'" ITie fivefold succession of 
the glacial series in the valleys of the Black Forest correspond to as many halts 
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of the iceJ^® The deep lakes of Norway (Homindalsvatn, 514 m; Mjasa, 
449 m; Tifuisjo^ 460 m\ Salsvatn, 445 Pyresvand^ 369 m; Tyrifjord* 
259 m; Banadakvaiidp ^89 m) have been correlated with readvancea which 
increased the earlier ice-erosionJ^ 

It is hot a logical extension to believe that rock-basinSp including cirque- 
lakesp are latcglacial^^; and that their distal ends fix the positions of the ice- 
edge at particular stages and may be used to correlate ice-margins^^oi ^ 
rock^barriers where, as in parts of the Black Forest p moraines are lacking.^^ 



Fic, s4-~Morphola£icA] sketch of the Oder Glacier during lNe PonieiaaiiLii stage. 

P ^ Prcnitauerp R = H^ndow, M = Madti-Pl^^nc P- Woldjtcdt, 

P- 151. fig- 3- 

Detractionk Jn a modiiication of the glacial theory the ke removedp 
either mainly or exclusively, the unevenly weathered rockp^^ rotted through 
immeasurable preglacial time (see p. 224) by temperature changeSp moisturCp 
chemical action and vegetation, helped by the frosts of the oncoming glacia¬ 
tion . 20 ^ This "detraction theory — the word exaration (see p. zxi) has 
been used in this sense^^^ — has gained wide support ™; it has been specially 
applied to Fennoscandia ,207 the Alps*™ North America^ and west Green¬ 
land*^ JO Many canyons and lakes in Labrador and Archaean Canada, for 
example* lie along the weathered zone of bands of iron ore^ J^ or on big, pre- 
glacially weathered dykes or suites of close-set dykes* even where these Avere 
transverse to the flow.^^^ 

Rotted rock unquestionably facilitated the action, especially when it Avas 
unusually deep, as along faults and joints.^l^ Yet fiome live rock has in¬ 
dubitably been removed sinee lacustrine floors, Avherever they can be 
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txajnintd, are of quite sound rock. For want of crucial trsts, opinions must 
inevitably differ as to the role played by ice and pregkciaJ agents. 

Rc-cxca vation hypothesis. G, do Mortillet^s thd&rie dc 
extending the view of Vcnetz ,^^5 ascribed Alpine lake-basins to ice which 
ploughed out preglacial alluvium occupying pre-existing hollows provided by 
earlier disturbances. It reconciled the pre-existence of the hollow^s with the 
erosive powers of the ice. G. Steinmannj2i6 in accepting it, substituted 
Pliocene marls and sands for the preglacial alluviumi 

This hypothesist also applied to south Swedish and Caucasian lakes,is 
partly true; the subalpine lakes^ for instance, were largely filled in with inter¬ 
glacial sediment and subsequently re-excavated by ice (see p. 279). Never-' 
thclesSt it suffers a$ a full explanation from the defects 0/ the pneservatLon 
hypothesis (see p. 365): it leaves the basins themselves unaccounted for and 
aiivaits the proof which the discovery of preglacial frc$hw'ater deposits alone 
would providep 


Doflection basins. Sefstrdm^w noticed tJiat the medium which striated 
Norway pursued a normal direction on the summits, as Normalfurchen e\ ince, 
but was deflected to right and left of obstacles, as S^ien/ur^hen show\ the 
latter sometimes containing lakes^ These lateral grooves, likewi$c observ'ed 
by Agassiz,harmonise with IlalPs conception of a frontal depression w^hich 
cun-es like a oallar round crags and obstacles (see p. ^54). They are a 
corollaty' of Ramsay's glacial theory. The ice w^as deflected along the longer 
axes of the ""defleclion basins ", as J. Geikie^l named them, whether on land 
ofj as Wallace's “submarine lakeson the sea-floor. The$e skirt the 
inner shores of islands, notably opposite the mouths of sounds and sea- 
loclis^ with which they sometimes merge, e.g. Varangerfjord and the 
Nor^vegian Channeb^^'^ Geikie^ cited numerous instances of deflection 
basins from Scotkind as did Penckfrom Switzerland, including lakes 
Ncuenberg and Biel. 


The ice moulded itself upon any boss over w^hich it flowed: striae, flutings 
and roches moutonnecs lend testimony to this. Its various byers moved 
simultaneously in different directions, in response to the topography, diverging 
on die impact side and converging in the lee. The lower ioe passed over an 
obstacle which low and gently sloped but split and glided past one which 
had a certain critical angle.^^ Thus steep-sided hillsi ridges or escarpments 
deflected the basal layers as in the British Isles,e.g. Flamborough Cliffs. 
Baugh Fell and Arthur's Seat, on dip and escarpment slopes near the Old 
Man of Wick, in the Orkney and Shetland Islands (sec p. 755) and in Co. 
Donegal, as weU as along the southern face of the Jura Moutains,^29 in the 
Alpine areas of transfluence ^d diffluenee,^ along the northern flanks of the 
Adirondacks,^^ and in the Finger Lake^ region.^^^ If no opportunity offered 
for hori^ntal or less steeply inclined motion and the obstacle was small com- 
pared with the glacier, the ice ascended the steepest slope 

DnimlJns and other c^'idcnce ha^'e been interpreted to mean that Sdenside 
at maximum glaciation had a basal iceshed that bore no obvious relationship 
to the surface iceshed; the ice plunged downwrards at these partings in an 
^cntially fluid manner.^^ The dnimlins conform to the flow of the more 
Huia basal ice that moved in agreement with the minor relief. 

Tbs principle of undercurrents, frequently acceptcd,23S demon¬ 

strated by erratica.W* by dev iating osar,2J7 by the absence of shelly drifts in 
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the Shetland Islands*^® and, except at one locality, in the Outer Hebrides,^ 
by obacnationa on existing glaciers,’**^ and by experiments*^-*! Striae, 
parallel with oblique valley lines, diverged from the normal course the ice 
pursued on plateaux above,^"*^ The narrower and deeper the valley, the more 
the deflection. Yet below a certain limit, the valley was essentially ignored; 
for a very narrow valley transverse to the flow was overridden without de¬ 
flection, the ice bridging it and bearing hard on the hill tops- A broad 
depression, on the other hand, was crossed by ice flowing down into it and 
up out of it* The critical w'idth varied with the depth and plasticity of the 
ice (see p. 323), 

The divergence was probably associated w-ith shear-planes (doubted or 
denied 2 ^^) at the base of or within the ice, as is seen in Greenland, ^ or above 
spurs projecting into *A|pine glacicrs^^^ (see pp* 117, 275). O. Ampfercr^-** 
recognised the following shearing localitiesj (a) at inequalities in a floor; 

(*) in the lee of steps ^vhere ice overrides lower stagnant ke whos€ diniqiisions 
depend upon the height of the step and the velocity of the ice ■ (d) in front of 
and at the lop of steps; (d) in transverse vallep where the concave thrust 
plane is bent according to the width of the valley and the velocity and thick¬ 
ness of the ice; {e) at lateral spurs; (/) at points oft ransfiuence; and at>o%'e 
and below nunataks^ 

Although thinnings consequent upon retreats expkitis many cases of 
divergence^^^ and some of Geikie's deflection basinSp e.g. that along die 
western side of the Minch, are tectoriiCp^ an imposing residium of rock- 
basins athwart the main ice-flow can only be accounted for on the deflection 
principle. 

Adverse criticisms. Many objections, most of them inconclusive or 
invalid, have been raised from time to time against the glacial theory as applied 
to rock-basins; they supplement those of a more general character urged 
against the theory as a whole (see p. 22S). For instance^ there are no basins 
in the beds recently abandoned by glaciers, not even at the foot of ice- 
cascades like that of the Rhone Glacier(cf. p. 268)'; they are absent from 
the Pyxenees, Caucasus, Himalayas and Ben Maedhui and Cairngorm 
Mountains of Scotland(ch p. 266); they occur at embouchures where the 
ice splayed out and its erosion lessened {cf, p* 270); and their depth, as in a 
U-valley, is disproportionate to that of ^e ice^^^ and is incompatible with a 
glacial origin and with the modulus of cohesion of It is further 

contended that islands have persisted(ch p. 22^)^ that ice tends rather to 
plane off than to emphasise inequalities by excavationand that stagnation 
in the form of a lens of dead ice would ensue within the hoi low which 
would stop the excavation and fill the basin w ith moraine pn^fonde. 

Flow Certainly diminishes aa the frictional surface Increases: when this 
equals the shearing strength of the ice along the chord of a hollow^ the basal 
segment wall cease to move* Consequentlyt a deffnite although indeterminate 
limit is set to the excavation of depressions. This limit, probably as a rule 
not more than a moderate fraction of the ice-depthj^^^ is in all likelihood rarely 
reached. I'he impediment is not the depth alone but its relation to the length 
of the basin.^sa This is extremely little in the only cases in dispute (see 
Pfc 263) j for the ice-erosion of the smalh proportionately deep I akes is general ly 
acknowledged (see below). Moreovert icc ^nds to lengthen basins in the 
direction of flow and reduce the slopes of their floors. 

iS—Q.E. I 


^74 


GLACIAL EROStOK: ROCK-BASINS 


Thiit thqre wrs flow through the basins Is shown experimerLtally and by 
the transport of ernitks across them^—this proof is not rigorous since the 
transport may have occurred earlier. Moreovcrp lake-floors are striated 
where they can be examined (see p. 266) and the negative slopes in even the 
deep Italian lakes were less than the gradient of the ice-surface—in Lago di 
ComOp the least favourable case, they were respectively 30%^ and 33-40%^.^^ 

Tams* Rock-basins range from small pools amid roches moutonnees to 
lakes occupying hundreds of thousands of square miles. While all admit the 
glacial origin of the small tams^ some deny it for the bigger lakes. But, as 
Ramsay 262 polluted out, there is no recognisable gap between the extreme 
members of the series; and if the ice is capable of prt^ucing the small lake it 
may excavate all since depth and size are functions of duration and pre^sisure. 
"1 he argument, however, is not ineproachable; for while there is no logical 
halting place between the glacially eroded tarn and the largest rock-ba$in 
there is unquestionably a limit to the powder of the ice in this respect. As 
Favre 26 ^ has said, sand dunes do not grow to the height of the Himalayas, 
nor do mud volcanoes approach the altitude of Chimbarazo. It is clearly 
inadmissible to push to infinity an action which obviously operates on a smaller 
scale. 


At the bottom of the scale are the negative water-filled hollows, under¬ 
lain by rock or drift, that are strewn among the ** positive roches moutonnees 
(K. E. Sahlstrom^s Their steep or A-ertical face at the proximal end 

and gentle slope at the distaJ end mirror the roches moutonn-ies between 
which they ^ erosion by ice is universally recognised. 

Cirque«basi£LS^ Cirque-lakes, which may be simple or may be subdivided 
into t%vo or more basins, were also glacially excavated though exactly how is 
contested. They are an integral if not essential part of the cirque. 
Durocher early noticed that cirques and lakes coincide geographically in 
^min regions but erroneously regarded both as volcanic craters {see p. 293). 
They may be genuine rock^basins^*® or may be dammed at their lower ends 
by moraines which raise their level above the rock-rim. They are strikingly 
absent from limestones in the Pyrences^*^ ^nd are due to solution in the 
Limestone Some hollows in Kawendcl cirque bottoms arc pre- 

glacial dohncs .269 ^ ^ 

It is agreedT^^^ even by opponents of glacial erosion,22l that cirque-lakes, 
the counter-parts of Zuttg^beekm of valley glaciers, result from ice-action, 
buch Hocks^en arc closely connected with the gbcial snowline 272 396) 

and are ^ting if, as in parts of the Pyrenees, Pleistocene glacier did not 
exist 1 Key are sometimes, c.g. in Tyrol, elongated in the direction of icc- 


Cirquc lake basins were ground out at the focus of flow-lines from all parts 
of the cirque 27 ^ where the pressure or stream foroe was greatest 

marks the place where the stratification and flow-lines rose^^^^^ (see 

^ "ith round or armchair shapes 

abo>e ridges of hard r«k or where the stream precursor was constricted^^ 
and more r^ly m valley-hke extensions 2™ Material for their excavation 
was supplied by preglacial weatherings^ and by early glacial scree and sab- 

flmili/V*** ' 'The bergsehrund too gave a steady supply of 

an^lar frjnente (see p agg) which were carried in or under the sole to 
grind out the rock-basms-Bl (s« p. 120), though they became Jess efficient as 
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by their abundance they slowed up the plasttc-flowing underlayer and they 
became rounded towards where the basin shdIon's. The constant yield of 
similar material by plucking helps to explain why rock-basins so commonly 
occur at the foot of steep risers in glaciated floors* K. Gripp^^ has sug¬ 
gested that rock-basins, including those of cirques* owe their existence to an 
upward surge of advancing ice above its snout which took place because of 
the stau-effecta of cither dead ice or moraine-charged ice. Rotational slipping 
(see p. 118) may have played an important role. 2*^ 

Some cirque floors may have been partly hollowed out by trunk glaciers 
before they dwindled back into the cirquea.^** 

£ddie:$ and rock-basins* Because of internal frictionp there is no pulsa¬ 
tory flow in a glacier as in astream^ and eddies, generally speaking, are absent. 
Yet eddies* unaccompanied by turbulent flow, ha%^e been repeatedly observed 
in glaciers*^^ notably in the lee of lateral projections where nioving ice 
sheared past more or less inert ice or curved back upstream. Swhirls below 
nunataks, postulated by Suess,-®* have also been noticed.^®^ The ice which 
sw'ecps between the nunataks relatively quickly is piled up to a few^ hundred 
metres on their stoss sides by the increased shear friction of the upper 
layers*^® as on the Muir Glacier and Jensen*s Nunataks, in the same w^ay as 
water surges against the piers of a bri<%t\ Reversed slopes, w'ith eddies^ may 
even exist though no rock is visiblc-^^^ hut submerged ridgea may be surmised. 

The possibility that cirque-basins might have been hollowed out by 
rotating ice, in accord with their circular shape and the above obser^'ations* 
was raised by Richthofen. Eddies were invoked for cirque-lakes in 
general and for the Wolayer See of the Camic Alps^^^ in particular. They 
were called in as an aid for small rock-basins^®^ including those below valley- 

steps.^4 

But there is no evidence of this. Not only does the great viscosity of the 
ice not permit it except in rare positions as mentioned above but lines of 
movement in glaciers are parallel and only slightly divergent- Striae on 
cirque-floors betray no sign of rotation.^^ 

Subalpine lakes. Ascending the scale we pass through valley lakes* such 
as those of the Scottish Highlands and English Lake District, the glacial origin 
of which few dispute.^, and reach the subalpine lakes* Rutimeyer's Raitd- 
Ii^ contrast with the they lie at the foot of the Alps from 

north rtaly to Kamten and Steiermark. They include (with depths in 
brackets) Lac de Bourget (145 m)* Lac d'Annecy (80 6 m). I^ake Geneva 
(310m). Thuncr Bee (^17*^ m). Neuenburger See (154m)* Bieler Sec(74^6m), 
Murten See (46 m)* Brienzer See {259 m). Zurich See (143 m). Lake 
Lucerne (314 m). Zugcr See (197 m)* Lake Constance (252 m)t Scarnberger 
See (123 m), Lago di Como (410 m). Lago di Garda (346 m)* Lago d'lseo 
(251 m) and Lago Maggiore {372 m)* Some of their floors are below sea-level 
as in the case of the north Italian lakes — ^l*ago Maggiore descends to — 175 m. 
Lago di Como to —212 m, Lago di Garda to —281 m.^® Subalpine lakes are 
absent from or poorly developed in the Bavarian, French and Piedmont Alps. 
They nc$tlc vinthin the Alpine valleys, as in Lake Lucerne and the Camic 
Alps, e.g. in the Drau valley, or extend on to the foreland, as in I^ake Geneva, 
Lago di Garda and Zurich See* or even lie entirely upon it as in the Ammersee 
and Stamberger See. These different geographical positions result in a va riety 
of shapes; some lakes, e.g. Chiemsee, are broad and round, others* e.g. 
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Starnberger S«e, are long and narrow^ while others again are ramified* c.g* Lake 
Liicemo which Is adapted to the folds m the Pre-Alps. Yet all are relatively 
shallow compared vrith their lengths (fig. 55) and betray a family resem¬ 
blance and in the mam have the san^e history. Late VVakatipu, r. 378 m 
{1243 ft) deepj of which depth 69 m (227 ft) is below sea-level* is a good 
New" Zealand example.^^ 

It is fitting that these subalpine lakes should be the subject of the first dis¬ 
cussion of lake origins. Nevertheless^ they present the problem in its acatest 
form; for it is just here that the hvo agents w^hich have survived critical analysts 
(see p. 264) atuined a first-class importance. Here, if anywhere, tectonic 
movements* the successors of the Tertiary paroxysms* might be expected to 
have continued to affect relief; here too* huge Pleistocene glaciers* descending 
steeply from high mountains, might be supposed to have excavated severely. 

With the possible exception of Lake Lucetne, the upper waters of the lakes 
are held up by drift dams. This is especially true of the north Italian lakes^ 
while bores prove tlut the F^lit Laa or low'cr basin of Lake Geneva i$ entirely 
made by a drift dam,^ Yet the lakes are only partially dammed in this way; 
the true depths of some of the rock-basins have been calculated as follows 
Lake Constance* 34 m; Zurich See* 92 m; Zuger See* 193 m; I.^ke Lucerne* 
207 ? m; Thuner See, 155 m; Neuenburger See, 13S m; Lake Genevap 255 m. 

The supporters of either theory^ as Heim^^ of the tectonic and Penck of 
the glacial theory, agree that the subalpine lakes are Quaternary^; as Escher^ 
first observed, most of them lie xvithin the moraines of the last glaciation. 
Moreover* as was also early noticed*^ they have outwash downstream; they 
have interglacial deltas, as in the Garda valley (see p. 1326); they coincide 
with giaejation (W. Kilian^^ dates Lake Geneva, Lac do Bourgct and Lac 
d'Annecy from the Worm glaciation) and, as in the case of Lake Constance, 
with the flovv at maximum glaciation (Deecke^ ascribed this lake to sub¬ 
glacial faulting of middle Pleistocene). Rhone material is absent from the 
Sundgau achotter.^^*^ 

The problem is somewhat complicated by the mdical changes which have 
affected the drainage since preglacial lime. The Aare, Rhone and Rhine and 
other rivers between the Alps and tlie Jura Mountains flowed at the close of 
the Miocene and during the early Pliocene to the Danube—^the connexion 
is proved* for instance, by the diistribution of certain molluscan spedes*^^^ 
The courses of the Aarc* Reuss and Limmat through the Jura Mountains were 
later, either antecedent to its foJding^^^ (the mountaina were scarcely per¬ 
ceptible in the lower Pliocene) or initiated by backward recession across the 
folds. 3 Middle Pliocene graveb at the confluence of the Doubs-S 4 one and 
SSone-Rhine are exclusively of Rhine materiaK^*^ 

The first evidfince of the Rhine north of the Jura Mountains is provided by 
the gTiit^ier de Sundgau or Upper Alsace Deckenstkoiter^^^^ characterised by 
material from central Switzerland and the Alps. The Rhine* with the Aare 
and Linth, passed at that time by the Burgundy Gate and Montbeliard into 
the S^one and Rh6ne* as suggested by M. Lugeon^^^ \ fi gnd since con¬ 
firmed Unio smuatus and other south French molluscs occur in the 
Mosbach sands; and the tributaries of the south Black Forest and VVasgenwald 
flow southwards in the mountains. Its deflection northwards from Basle,^!*^ 
due to faulting across the previous watershed at Rufach and Kaiserstuhl* 
followed the deposition of the Sundgau schotter and preceded the first 
gladation. The absence of the Deckenschotter below Basle is due to 
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dDvm-faulting ™—bore on the vvcst aide of the valley proved a thickness 
of the schotter of 230 —though Alpine erratics in the lower Rhine 

tvere extremely scarce even later when the Rhine undoubtedly flowed north¬ 
wards,^^ 

The upper Rhine wa$ confluent with the Rhone the waters of tJie 

flaut Lac and Gr&jid Imc of Geneva were captured during Gunz-Mindel or 
MindehRiss intergbcia] times by a tributary of the Arvc which drained the 
basin tile Petit Lac now^ occupieSr^^"* 

Glacial origin. The glacial origin of these Jakes, first propounded by 
Ramsayhas been accepted by numerous gcologistSp^^* including Wal¬ 
lace who gave one of its best expositions, and has been applied to individual 
lakes ,^28 Maggiorcp Tegemsee^ Chicmsee, Konig, Stamberg;, Aminer, 

Constance and Plan See, It explains simply a number of geological facts and 
rec|uires few complementary or accessory hypotheses. In its favour are the 
simple shore-lines; the few promontories or embayments; the open lake arms 
in submerged tributary^ or distributary troughs; the continuous and simple 
form of the slanting trough sides and their concave ascent into the triangular 
facets pf the truncated mountain spurs; the submerged hanging junctionst 
and the occasional unconsumed knob and sill on the slopes.The theory' 
is re^onable if the dimensions^ velocity and duration of the glaciers are borne 
in mind30^000 yearsp a fraction of glacial time (see ch. L), would suffice 
to give Lago Mag^ore its depth of 372 m if only 2-5 em/annum were 
eroded.Each lake, even the different arms of a particular lake as in the 
case of Lago Lugano,corresponds in siiieand depth w ith the dimensions of 
the glacier which flowed through it, and its positiont relative to the mouth 
of the valley, W'ith the severity of the glacialiqn+^^^ The great depth of the 
north Italian as compared tvith the Swiss lakes is retated to the larger sisie of 
the encircling moraines(in part), to the steeper flexure and lower level 
of the erosional basis on the south side,^^^ to the higher gradient and erosive 
power of the glaciersand to the more pronounced rupture of slope at the 
embouchure on the plain. 

Nevertheless, many dismiss these arguments as inconclusive.^^^ Besides 
the more general arg^iments already noticed (see pp. zaS, 273), they urge that 
some Alpine valleys, e,g. Sesia, Brembo, Serio, Melb, Etsch, w hich had thick 
glaciers are lakeless; some lakes^ e.g. Lake Geneva, lie outside the direct track 
of the glaciers (but Petit Lac^ 76 m deep, impounded by drift need no longer 
be regarded with Penck 539 a deflection basin); and lakes are unrelated 10 
the character and rcinstance of the rocks, as glacial ists assert. 3 -W The lakes 
occur w here the gbciers deployed and the flow slackened and their shape, as 
in Lake Constance, is not what ice-erosion would produce. Finally the 
north Italian lakes date back to die Pliocene 5^1 since beds of this age are 
found at the southern foot of the .\]ps,^^ e.g. at die south end of Lago 
Maggsore and m the Lugano valley, and Pliocene remani^ fossils occur in 
drift Jout 1^0 di Como.^^ Lake Geneva is older than the earliest glacia¬ 
tion and the lakes m general than the Kander gbciation. 3^5 

Tilting and drowning. Opponents maintain that while there was 
^me erosion by ice and subglacial torrents, its amount depending upon 
the rate of working and duration of the Glacial period, the lakes mainlv 
^Ued from earth-movemen^. I hese lowered the Alps bodily (Ger. Ruck- 
^^ken), thereby depressing the upper reaches of the valleys ^d reversing 
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the slope. The valley^floors were drouned and converted into elongated 
basins. 

Although Lyell^^ suggested this view in 1864 and W. SEutorius v. 
Waitershausen^^ one year later—lakes were formed by crustal undulations 
over the Swiss Plain^ in the Plain of Lombardy, over the Baltic and in the 
l..aurentian region of North America—the principal advocate was Heim^ 
who strongly defended it in 1878 and in subsequent years. He cited the 
backward tilt of the preglaeial surfaces, Deckenschotter, moraines and rock- 
terraces, as well as the submerged terraces and increasing thickness of the 
accumulations which floor the valleys as the Alps are approached or entered 
so that the rocks arc concealed except in epigenetic courses. As confirmation 
have been mentioned the backward tilt of the Molasse near Eeme^^^ of the 
Deckenschotter about Zurich See ,^50 and of the moraines of Lago d'lseo^SJ; 
the great depths of the lakes near their heads; the lacustrine outlines which 
are just those that subsidence would imposc^^i below); the flooded 
lateral vaIle>Sp as around T.ago di Garda, which Penck 353 admitted; the ab¬ 
sent or occurrence only at considerable depths of lake-dwellings in the 
Alpine parts of Ziirlch See, Lake Constance and Lake Geneva because of 
post-glacial tilting and subsidence ; the postglacial movements of Ammersee 
and Chiemsee; and the ''mass deficiency" of the Alps .355 

The backward slope of the terrace lines and remains of old valley floors, 
first noticed on Zurich See hy Heim^ has since been aflirmed for this lake 
by others^^* and stated for other lakes,357 ^ Lake Constance, Lake Geneva, 
rhuner See, Rrienzer See, Lac de Ifcurget^ Stamberger See, the lakes of 
Neuchltel, and for Lago d'Iseo and Lago di Como on the south. The gra¬ 
dients of the terraces, stated to be 15“25%3,538 giviu with the original outtvard 
slope of 5--S%a, a tilting of 22-30%^ or a vertical subsidence of 120 m. 

Heimwas of the opinion that the Alpine valleys had already reached 
their present depths during the great Mindel-Riss interglacial and before the 
High Terrace schotter filled the valleys. Some erosionists^ have also held 
that the valleys were eroded to their present depths during the oldest 
glaciation. The subsidence, w-hich amounted to 200-300 m on the north 
and 300^500 m on the south, 3 <si was fully accomplished at the end of the great 
interglacial epoch since it did not affect the moraines of the last glaciations. 
Indeed, but for these, the valleys would now be filled with sediment—a 
partial return to the preservation theory (see p, 263), Heim gave the 
extent of the interglacial lakes^ 3 - on the south, fjords opened into Ae sea of 
the Po basin (see above). 

Several of these interglacial lakes have now been established^; there are 
mterglacial deltas, for Instance, in Lakes Zug, Zurich and Thun and 
in the valley of the Tagliamento. Their occurrence at levels above the 
modern lakes^ ascribed by Penck to morainic dams, is best explained by 
interglacial subsidences, as recognised for Alaska 355 and for the .Alps by 
O. Ampfcrer and later by Penck himself (see p. 446). 

Heim ascribed the depression to a marginal flcxtire, parallel tvith the Alps 
from Bavaria to Savoy + Others have rEsurreeted Heim V earlier view 356 j they 
seek tile tilting not in a backward sinking of the Alps, but w holly or partly in 
a rise of the extra-alpine foreland, including the Jura Mountains and the 
Molasse antielines.367 

Wliile Heim and others imagine the Alps sank en bloc as 3 mechanical unitp 
unaccompanied by differential folding and faulting^ Ampferer from studies 
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in the Inn valley concluded that the subsidence varied loeaUy (see p. 4+6). 
Thus the schottcr near Rum, 200 m thick (a further 300 m occurs alkive the 
valley-floor) shows no upward shallowing but rather a number of super¬ 
imposed Verhndungsserien. Penck and Ampfercr imagine a synclinal bend¬ 
ing with a deepest point above Innsbruck. 

'ITie subsidences may have been tectonic and not glacio-isostatic,^® 
although their maxima were under the thickest ice.^ The cause, how^ever, 
is still uncertain and disputed (set p. 446), Heim^^o sought it in an isostatic 
depression of the Alps, overloading following a piling up of the beds during 
the Tertian^ era. lie envisaged it as the final stage of mountain building or 
a tectonic sinking in a geosyndine^^^ that w^as still continuing.^^^ The fact 
that the Caucasus had no subsidence he linked w'ilh young eruptive activity. 
Others have thought the Alps were glacio-bostatjcally depressed and have 
not yet fully recoiled, though this is difficult to reconcile with the lacustrine 
depthsand with the probable isostatlc Gravity determinations show an 

excess in the Alps which may he due to incomplete compensation, either 
because the movements are recent or because of the support of the sur¬ 
rounding land.^^* The Sw^ss lakes, on the other land, lie in a zone of gravity 
deficiency.3^ 

Although the theor)^ of t ilting and axial subsidence for the Alps has received 
substantial support 37 * and has been applied elsewhere, including the lakes 
and fjord-basins of the North American Cordillera, it has been severely 
criticised by glacial erosionists ever since Ramsayhimself first opposed it. 
x^part from more general argumentSt such as the composite nature of the lakes 
and their coincidence Aviih glaciationp Wallace^®^ rejected it since their size, 
depth and position derived no meaning from it and their outlines and straight 
sides and their subaqueous contours, devoid of submerged channels, militated 
against it. With the extremely slow tilting, the barriers would be sawn 
through before the levels were raised and the oversteepened slopes would be 
stripped of their waste wWle the lessened slopes would retain theirs. 
Furthermore, valle>^s without lakts occur between valleys w ith lakes, e.g. the 
Mdlav'alley hetwreen Lago d’lseo and Lagodi Garda^®^; and the valley-floors 
of the earlier c>xles (see p. 3^4), the Dcckenschotter and later terraces rise to- 
\\2.Tih the Alps 3 *^ (sec p* 1326). Equally inimical is the position of the lakes 
relative to the valleys and foreiandj^®^ to the geological structures^®* and to 
the axis as defbied by Heim which, north of the Sw iss Alps, runs through the 
north part of Zuger See and the longitudinal Rcuss valley below^ Luzern and 
through the upper half of Lake Geneva+ 3 *^ ^iTie latter lake is independent of 
tectonic stmeture*^^ hinally, as Heim^®^ recognised, the theory is unable to 
explain features like rock-barriers, Inselberge and steps upon which the 
glacial erosionist lays much stress. 

The gravest objection is taken to the affirmation that the terraces slope 
backward. Those mar^ning Zurich See are solid features differentially 
eroded by ice; they coincide in dip and strike with the beds them$elve$ 
and multiply up the %^llcy as the hard beds themselves do.^sw The single 
tilted DeAenschottcf is really three horizons; the terraces coincide In 
places Y" ran^omcrates In the Molasse and cannot be due to backward 
tilting m Lake Geneva and Lake Constance which are situated outside the 

^ Lake Geneva and Lago 

Alaggiore.^^^ 

The schotter and interglacial deltas (sec above) prove upheav^al rather than 
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subsidence, as do the doming of the Gipfelflur^^ (see p. 327) and the 
geological history of the Alps since the earliest Miocene. 

An uplifted foreland is similarly irreconcilable with the low altitude of the 
floors of Lake Geneva and the nordi Italian lakes^ and with the slight change 
in Quatemajy levels north of the Alps as sho^vn by terraces in the Danube 
gorge —the post-Tertiary cutting at Passau is estimated at 25-30 m only.^^ 

From this discussion it may be gadiiered that it is still too early to m^e a 
positive statement of the history' of the Randseen. A mse working hypothesis 
should be sufficiently comprehensive to embrace tectonic movements^ which 
have operated for reasons only dimly perceived, and also changes linked with 
multiple glaciation and interglacial fiu\iatile phases that cannot yet be fully 
reconstructed, 

Baltic Sea. The Baltic Sea, whose geological history W, Deecke has 
sketched, lies principally in the Scajidinavian-Rusaian platform but extends 
into the j\fchaeaii and Hercymian regions. It has a maximum depth of 
261 *89 m and forms part of the great geosynclinc, between the Scandinavian 
Shield and the mountains of central Germany, w^hich has been a lasting feature 
in the face of Europe, even from the I^wer Palaeozoic, and was completely 
filled in with Palaeozoic sediments, llie sub-Cambrian surface of denU” 
dation^ which is fairly high in Nonvay, coverbg much of the Hardangervidda 
and the central unbroken blocklies at — 3S7 m in Gotland, at —200 m in 
Estonia^ and at —180 to —190 m at Leningrad. Although the history of the 
warping (De Geer's Baltic Flexure) is imperfectly knowm, its continuation 
into the Tertiary may be postulated from the sediments of this era in Den¬ 
mark and north Germany.^ ^ 

A great basin or lowland, developed in connexion with the late-Tertiary' 
Scandinavian uplift, occupied this site in the upper Tertiary'and at the 
beginning of Quaternary time.^®^ Wide open vaJleys in the peneplain about 
the Gulf of Bothnia drained centripetaJly into it, "^ and large river-valleys^ 
now filled with Tertiary delritus,'*^^ traversed the Cretaceous rocks from 
Ystad to Akarp between Alai mo and Sund. Holst's Jllnijrpsfiod,'^ with its 
wood, fruit, leaves, mosses, mollusc^^ insects and amber {Sdmsiensfiadjy 
flowed south^iastwards (north-westwards?) along a valley (possibly tec¬ 
tonic that rurts for at least 7 km and descends to —^60 m and provides the 
largest source of underground water in Sw^eden*^®; the channels at the bottom 
of the present outlets of the Baltic were probably excavated later by subglacial 
streams or by overflow waters from glacier lakes (see p+ 1 290)+ The Alnarps- 
Jlod was apparently merely one of many Pliocene streams which carried their 
sands and gravels southwards into East Prussia and Poland.'*^ 

Tt is almost certain that while a basin existed on this site during the early 
Pleistocene—it guided the Early Baltic Glacier (see p. 711)—there w'as no 
sca.^l^ The northern part was then dry land and much higher, as it W'as 
throughout most of geological Even north Germany and the Belts 

were above the sea. The strandflat sea did not enter the basin, tliough its 
occurrence is affirmednon-detcction in the Gulf of Bothnia has been 
doubtfully referred to later submergence ^l^—and the ice found no marine 
shells to carry into the drifts of north-west Russia^ as G. v. Helmersen 
ohserv'ed, or of Mecklenburg,'^^'* nor Pliocene shells into the drifts of north 
Germany and north Europe,^^^ During the Pliocene, the Baltoscandian 
rocks were undergoing crosion,'*^'^ 

The earliest marine incursions w ere the Holstein and Eemian Seas**^? (see 
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p. 944) and only thos<!:,^^® including the Tnonogbcialists^ who relegate these 
clays to a preglacial instead of the Intcrglacia] date generally accepted, believe 
that the Baltic Sea antedated the Ice Age. 

Although opinion is virtually unanimous about the age of the Baltic Sea* it 
is probably more sharply divided on the question of glacial erosion verms 
tectonic movement than in the case of the subalpine lakes. ’^Fhe preglacial 
lowland w as certainly modified by glacial erosion^ by deposition and by move- 
ment. Yet view-? differ profoundly about the modification each made and 
particularly tliai which the ice produced. Many hold that the basin was largely 
or entirely ice-eroded it is the central basin of the Scandinavian ice- 

sheet’*^ which preyed the Baltic Ridge up before it as a solid wave,"*^^ 
excavated the radially arranged peripheral depressions, the fohrdcs of Jutland 
and Schleswig-1 lolstein^^ (see p^ 353) and the north German Jtinnetisfen 
(see p. 24]) and bays,"*^^ e.g. in Mecklenburg and Pomerania and of the Oder 
and Vistula (sec p. 270), and deposited the material as the Baltic moraines,'*^'* 
etc. 

Glacial erosion on a vast scale is demonstrated in many tvays. Numberless 
erratics in the circuinbaltjc belt are referable to sub- Baltic sources (see 
p. 369)—the Baltic*$ floor provided the hulk of the igneous and all the 
sedltnentar^^ erraticsas Flint, chalk, Silurian limestone^ Kella- 
way, Kimmeridgep Portland, Ncocomian and Albian in the Pleistocene 
deposits of Dcnmark,’*^^ The north German drift has a high percentage 
{80%) of quartz-sand (from the Miocene strata at the bottom of the Baltic), 
compared with the Swedish drift(3i%)i hs boulder-clay is rich in lime*^^ 
derived from the chalk, and its sands and gravels have abundant flint 
Chalk preponderates in the upper drifts of East Prussia^^® because the 
Tertiary' cover tvas stripped off during the earlier glaciation.'*^^ The Zungen- 
becken at the mouth of the Vistula was formed by the progressive erosion as 
proved by the SchoUen in the drifts to the south (see p+ 363 )^ viz. the Miocene 
at greatest distance, Oligocene somewhat nearer and finally Cretaceous near 
the delta."*^^ The ’whole of the Tertiary' strata and the upper pan of the 
Chalk were removed from north-east Denmark,as were the Cambro- 
Silurian formations from the Swedish Baltic islands^^"*; and the northern 
boundaries of these and other formations were displaced southwards. 
The Baltic widens and shallows on the Silurian» Devonian» Mesozoic and 
other soft rocks and narro’^s's and deepens over hard rocks like granite and 
porphyry,'^^^ 

\ et tectonic movements have been active. Powerful dislocations, partly 
of Mesozoic age, with downthrows in places of several thousands of metres, 
are known to run along the west coast of Sweden into Scania"*^^ and Bom- 
holm'^^'^ (1 omquist Line^^®) and along the Pomeranian coastwhile the 
fault troughs of Scania, the Stockholm orchipiclago and Rugen continue as 
traceable depressions on the flf>or of the Balticv*^ This, indeed, like the 
centra] Swedish lake-region, is broken up into blocks, some of w'hichp e.g* 
Bornholm^ remain as horsts while others have sunk, aa in the case of the 
Bornholm Deep: the chalk stands at diflerent levels. A trough, e. 3OO m 
d«p, skim the coast of the Gulf of Bothnia for c, 6o km off the towns of 
Hiimoaand and Omskoldsvik, or almost exactly opposite the area which was 
mwt uplifted epiglacially-Ml (see p. 15,5). Other Baltic “ deeps " have been 
linked with postglacial movements.'*’*- 

Tcrtiary faulting^ contemporaneous w'ith that w'hich initiated the Nortvegian 


BAI,TIC SEA 


283 

Chaiutcl and Scania's dislocations, alTcctcd the Baltic in general, and ihe 
gulfs of Bothnia"*^ ajnd Finiand^^^ the south Balticand the plains about 
Mden and Riigen^^ in particular. It determined the rhombic outline of the 
Romholmhorst^s affected lakes Onega and Ladoga and the White Sea,'*^^ 
Skagerrak and Kattegat — the “Danish Strait" of the Belts and Jutland is a 
depression probably as old as the Pompcckj rise of the Elbe 

region.'^-* 

The age of the faulting is less certain. It was definitely Tertiary in the 
main but may have revived posthumously during the Pleistocene ^ ^as 
been asserted for Mden and Rugen (see p. 257) and demanded as a corollary^ 
of the great erratic Sf/io/fcw (see p. 364). It may have continued into post¬ 
glacial 

The foregoing suggests a complex origin for the Baltic in accord with its 
complex shape. Renevved flexuringp faulting of considerable magnitude and 
t arjing regional intensi^* together with gkcial erosion on no mean scale ^ 
have played their parts^ To assign to each its relative role is a task for the 
future. 

Finger Lakes. H^he Finger Lakes of New Yorki twelve in number and 
up to 40 miles (c. 65 km) long^ notch the nearly horizontal strata of the 
northern edge of the Appalachian Plateau on a plan suggesting fingers spread 
apart and pointing southwards (fig. 56). Their origin has provoked much 
controversy. I'he antithesis, however, is not glacial erosion and tectonics, as 
in the European eases just examined, butglaci^ erosion and glacial deposition. 
One schooH^^ holds that the ioe-flood heightened the preglacial relief and 
eroded the valleys through a vertical amount estimated at 1500 ft (r. 460 m) 
and gave them their depth, their smooth U-shaped contours and their straight 
boundaries; for they are parallel with the ice-flotv, are deepest in their 
narrowest parts^ and the lowest parts of their rock-bound tributaries^ now 
filled with drift, are above the present lake-surfaces — both the Seneca and 
Cayuga lakes have tributaries that hang above the main valley-floors by 400 ft 
120 m). 'Fhe valley-floors are excavated in shales that dip gently south¬ 
wards and presented optimum conditions for plucking. 

According to the second school,"^^^ the valleys were rejuvenated from the 
north in Tertiary time and were converted into lakes by the es:tremely thick 
drift of the submarginal zone, including the great dnimlin belt {see p. 393), 
Fairchild, protagonist^ states that preglacially weathered rock and inter¬ 
glacial gorges are still intact; the drift, as revealed by bores, is very deep—in 
parts of the Seneca and Onondaga valleys it is well over 1000 ft (300 m); and 
the ice stagnated in the valleys and bay-like indentations south of Lake 
Ontario that overlie the buried valleys. 

So far as 1$ known, the lakes are ponded entirely by morainic deposits, since 
rock-basins have not been proved to exist. East and west from the two 
largest lakes (Cayuga and Seneca)* the lak^ increase in altitude to almost 
900 ft (275 m) while decreasing in depth and size. Lake Cayuga, w hich is 
381 ft (116 m) above the sea^ has its bottom 54 ft (16-5 m) B.S.L. and l.ake 
Seneca, 440 ft (134 m) above the sea, reaches a depth of 174 ft (53 m) B.S.L. 
A bore 600 ft (1S3 m) below the bottom of this lake failed to reach rock-floor, 
'Fhe floor of the Onondaga valley is also bclow^ sea-leveL 

Great Lakes. The Great Lakes have occasioned much debate and a 
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voluminous Jiteraturc (cf* bibliographiesTheir dimensionsp ^ given by 
the U.S. Coast and Geodetic Sun^cy^ are as follows: 


Lak* 

Supfrior 
M Lcliig^ii 
Huren . 

Ontario 
£rit 
Nipigon 

The lakes are essentiaHy basins in undistutbed strata though Lake Superiorp 
like the shallow Lake Nipigon, lica in an ancient synclinal structure in the 
Keevvcnawan rocks and a fault trough^^^; Lake Michigan and Lake Huron 
rei^se in a monocline of the soft rocks overlying the Niagara Limestone—Lake 
Erie resis in a trough on the same horizon and Lake Ontario in a monocline 
beneath that limestone. The escarpment overlooking Lake Erie and Lake 
Ontario demonstrates their origin by e^scavation. 

All these lakes lie in soft rocksp either Ordovician (Green Bay, Georgian 
Bay^ Lake Ontario) or Devonian {Lake Michigan, Lake Huron, Lake Ene). 

The glacial erosion theory was c^ttended to these lakes by Rarnsay^^^i* Hind 
(see p. 211) and many later geologbls.^<» Penck,for example, likened 
them to Zungenbecktfi in their relation to the morainic belts and Martin,^^ 
in computing the overdeepening of Lake Michigan at 500-800 ft (^52-244 m) 
and of Lake Superior at 600 -^co ft (183-274 m), gave the view quantitative 
expression. In its application to the Great LakeSp the glacial theory in its 
more reasonable proportions has attained its Severest form. Like lakes 
Ladoga and Onega of the Glint of Europe and Great Slave Lake and Bear 
Lake (respectively 826 ft and 450 ft or 252 m and 1 37 m deep) and other glint 
lakes to Coronation Gulf on the western edge of the Canadian Shield^ they 
were ci^ed by ice-sheets; the earlier drifts been occasionally reached 
by erosion or penetrated in wells.'^®^ 

In Justification, it is said that there was no prcglacfal lake on this site (a 
belief all workers share) and no prcglacial valleys around Lake Superior; the 
ice-flow was independent of the escaqiments; ice-seratebes pass into and out 
of the lakes; the sides are relatively steep and the floors irregular and at great 
depth—-the deepest part of Lake Ontario lies directly north of the Finger Lakes 
depression where the escaqJment is all but absent; the drifts to the south are 
of great thickness (see below); similar basins occur in other glaciated regions; 
and the difficulties in. accounting for the basins in any other way are 
considerable. 

Against this view, which perhaps ine^htably rests upon very little positive 
evidence (sec p* 265) — the third argument is not valid (see p. 266) and the 
first does not rule out other agencies—it 13 objected that the summit edge of 
the Niagara Limestone is still fairly sharp, glaciation not having planed it 
off ; the Wisconsin ice was lobar, proving that the basins then existed (but 
may have been eroded by earlier ice-shects); there are islands of tveak rook 
in the Lake Superior basin; and the drifts on the south, if replaced, would fill 
only a small fraction of tlie hollows.^ 

Some hold that the relief resulted preglacially^ when a river-system 
drained the region. Many writerSi e-g+ A. P. Coleman, T* C, Chamt^rlin, 
E. Clay pole, F. Leverert, R, D. Salisbury^ J. W. Spencer and I, C. White j 
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hi VC thought that the country now watered by the upper ^lissis^ippi, Ohio 
and Susquehanna then drained northwards. Thus according to Spnenoer^'**® 
an immense Laureniian Rivetp a predecessor of the St. LawTence River, 
flowed from the $!te of Lake Michigan across Lake Uoron^ down Georgian 
Bay I along a channel, now' filled W’ith drift, into the Lake Ontario area 
(fig- 57 )- In favour of this plan are the adjustment of the^ master streams to 



jff V 






Peli-ioito^ 




Fic. 57.^ — Map of the LaurentUn River CAfter L W. Spencer), The Etigan River prob¬ 
ably enlereiJ tbe Erignn valley west of HamllTon (A, P, Colentsn), p. 11, Er- 3- 


slRiCture and their confluences at not improbable angles. The Mississippi* 
then without the Missouri (which the lUinoian drift diverted from the Nelson 
drainage) was much smaller than now\ Others imagine a reverse drainage 
into the Mississippi which was turned northw^ards by earth-movements- 
A. W, Grabau's reconstruction **^0 depicts three ancient rivers, the Saginaw, 
Dundaa and Genessce rivers, all guided by joint or fault lines*’^* and trending 
south-west as consequent streams on the slopes of the Tertiary peneplain. 
Yet a third riew^^^ interprets thc$e valleys as glacial channels margining a 
lobe of ice issuing from the area to the north-east (see p. 974) and which 
carried many times as much w^ater as the present River Mississippi. 

This preglaeial relief (it may be interglacial), tvhich A. P. Cole man has 
established in some parts, was modifi^,'^^'^ occasionally by faulting, more 
commonly, as about Lake Eric and Lake Ontario, by warping attributable to 
or inde^ndent of glacial isosta.s>^ It has also bee n appreciably altered * 
notably in the case of Lake Michigan and Lake Huron (including Georgian 
Bay), by filling in the old river-beds with drift and diverting the drainage 
along epigerietic courses over solid rock so that large tracts were drowned.'^'^^ 
Spencerin iSSi found the buried preglacial outlet (Dundas valley) of the 
Lake Erie drainage into the west end of Lake Ontario, its floor descending to 
more than 470 ft (143 m) below the surface of the lake. Other cases of buried 
valleys connecting lake-regions or differing from the present river-courses 
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have been described,^"^^ e.g. that bet^veen Lake Huron (Georgian Bay) and 
Lake Ontario which dci^ccnds from the ^urf^ce at 650 ft (198 m) to sea-level 
or ^46 ft (75 m) below Lake Ontario; that in the north part of New York 
State; that between Lake Superior and Lake Huron, west of the prc&ent con¬ 
nexion by St. Mary^^a River; and that between I^ake Michigan and Lake 
Huron through the Mackinac Strait. The inundation has submerged 
escarpn^ents around Lake Michigan and channels in lakes Huronp Michigan 
and Erie as pointed out by S. Hunt and J+ S* Newberry'. Its effects are also 
seen in the drift-filled valleys, locally 400-500 ft (122-152 m) *^*^*^P* ^"^bich fall 
into the lake-basins."^^® Similar steep-walled valleys, filled with drift to a 
depth of 495 ft (151 m) and tributary probable to the Nelson, are also known 
from north IManltoba. The upper Missouri and Yellow-stonc rivers may 
have flowed originally towards Hudson Bay* Joining the greatly lengthened 
Nelson."*^®* Xhc continental divide between the Arctic and the Gulf of 
Mexico has been shifted far to the south. 

Hence the Great Lakes must be ascribed to the joint action of ice-ercaaion, 
the exact magnitude of which is debatable, of glacial deposition of whose 
existence there are opportunities of positive know ledge, and of crustal move¬ 
ments. The hydrographic depression of the preglacial rivers which may have 
drained noithw ardnS has now" been modiEcd and in some degree obscured by 
ponding following the closing of the ancient valleys by crustal movement and 
by the deposition of thick drifts. Ice-erosion of uncertain amount has added 
to the eomplex^t>^ 
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Sc. Osh, 194S* lip 349. 14S l6ii\ 54. 149 A. R. Walkcc, Forin. R. 6&p 1896p 
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186 J. Stinyp Der Geoioge, 1927* 1020. 187 7542, 188 70J, 25. ^89 733, 551; 
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202 G- Steinmann, Rer. Oberrkda G. V. 35, 1902, i6t A Slider iV. X BB. zi. 1906* 
19—QT. I 
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A. C. Ramsay. Q.y. 29. i873p 440. 23* }. G. GcwjdchilJi Gl M. 1874. 503; Q-J. 3*p 
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59; 343, 529. 244 J5CP. 676. 24s 730, 2i8l 246 JS24, 276; lZ. Gl. 9t 1915. ^7*^ 
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264 S. G. U. C. 2s8p J9I4 p 9- 265 0* Schafer. Gg. irr/Ar. 1, i933> 1004- ^86 A- 
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Form. Cirques—J, de Charpcritier^ wgis apparently the first to recognise 
the type and introduce the word'—arc hemispherical bowls. The encircling 
cliffs^ usually steeper behind than at the sides and sornclimes unscalablep often 
sweep up to narrow knife-edges or sharply serrated crests suspended like 
garlands between the peaks. They frequently rise 300-500 m from the 
rtoor; in the Hohe Tatra they average 533 m^ and in the east Taucm 670 
the rear wall of the WalcotE cirque in the Anta.rctic is about lOpOOO ft (3000 m) 
high.^ The slope varies with the lithology; it is sometimes sheer in hard, 
resistant rocks and is steeperp for example, in the Liniestone than in the 
Central Alps.^ 

These cliff-bound stadia armchair” shaped hollows*) are semicircular or 
horse-shoe shaped in plan, though spurs may partition them into tw'in or 
multiple theatres. The transverse profile is generally U-shaped, especially 
in limestoneSp 7 but is often funnel-shaped(Gcr. Kartnchier). In the ideal 
form, a lake bounded on its outer side by an. arcuate moraine and replaced 
sometimes by peat, nestles in the bottom (see p. 274); these lakes arc the tarns 
of the English Lake District, the Me^rmtgeri of the Tatra^ and the cmrha of the 
Andes of Feru and Ecuador.^® The cirque-lake may completely submerge 
the cirque-floor or cover only a fraction of it. WTiile'lhe floor in these cases 
inclines towar^ the back of the cirque 11 (Ger. Ruckfiefung), particularly in 
steep-walled cirques*2. ^ Jq eastern Alps, in some, notably in the highest 
and steepest mountains, e.g, die central AlpSp*^ it falls sharply outwards to the 
main valley—the two types have been termed closed ” and opencirques. 

^ Cirques occur on glacial divides a$ (j) hanging cirques (Ger. Gehangek^re^^ 
Norw'. FjeUb&in^^) which, perched on mountain sides lateral to the major 
valleysp become fewer as we penetrate the mountains or (2) terminal or 
valley-head cirques, at the upper ends of main valleys (Nonv. saekkedul; 
blmddal] Helland^fl dalkotn; A. Aigncr"s TabMusskar -, Richlcr^s Saektal}^^ 
Some would restrict the term cirque to hollows in the first positionothers 
to those in the second,^ a distinction diflieul t to apply and less preferable to 
general usa^ which agrees with etymology as well as with geographical con¬ 
venience. ^ The su^estion that it should embrace all similar forms of what¬ 
ever genesis^i has little to commend it. 

Cirques are cradled in almost all kinds of rock. In Scotlandp for instance, 
they sear Pre-Cambrian schists, etc. in many places including the Shetland 
Islands and Harris, granite in Skye, Arnm, GaHovvay and the Cairngorm 
Mountains, gabbro, doLeritc and peridotite in Skye^ Torridonian Sandstone 
in the north-westp Silurian slates and grits in Galloway and Old Red Sand¬ 
stone in the Orkney Islands. In Snowdon, they are in various kinds of 
igneous rocl.^ In Irdandp they are hew^n in granite in the DonegaL Moume 
and \\ickIow Mountains, in slates and grits in the south and in Dalradian 
^ks in ^e west. While they arc mainly associated with granite in the 
Tatra,^ they are combined with all varieties of rock In the Alps^^ and in 
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Nonvay^s (though mostly with the Archaean). Fn the Pyrenees,^® they are 
situated in gnmite and crystalline slate and in the Apenninesin Mesozoic 
and Tertiary limestones and sandstones (pi. X A and b, Taoing p. 257 )- 

Although this suggests that cirques arc independent of structure and 
petrological character,^* it is not so since the jointing, cleavage and direction 
of dip control both size and shape,^^ Jointing is generally the more impor¬ 
tant unless the stratification be higidy inclined; for walls and Joint systems 
arc often parallel. Kegularandsimpleshapesoccurinstrata of homogeneous 
texture and equal hardness or in those w'hkh are horizontal or dip into a hill. 
Where joint, bedding or foliation planes slope outwards, the floors tend to fall 
outw'ards too and the head walls to coincide with joints and generate slides; 
the lateral wal 1 s arc then very' steep. Cirques in the Black Forest are confined 
to a defiiiitc layer of the Iiunlsandslfi»iO and a$ in the Vosges to horizons 
where hard and soft strata nieet.3i In the Carnic Alps, they also frequently 
mark the contact of different kinds of rock^- and in the Ricscngebirge the 
junction of harder and softer (porphyritic) granites.^3 

Four conditions tend toward perfection of cirques3*: prcglacial valleys, 
sufltciently widely spaced to allow development without mutual interference; 
climatic conditions not so severe a$ to cause glaciation of the intervening 
divides and uplands; fairly homogeneous rocks; and little postglacial 
crumbling and erosion. 

Pseudo-cirques.^ Although cirques are ividely distributed in all glaciated 
lands (see below), similar but not homologous forms are to be seen in un- 
glaciatcd countries. These “pseudo-cirques”35 have been described, for 
instance, from arid areas, such as the Arabian and African deserts,^* including 
the limestone desen of Lower Egypt.37 and llic plateau above the Colorado 
Canyon,3* i.e. territories in which there is no dowmvasK and where wind 
removes the debris resulting from insolation. They are simulated too in 
limestones,3^ as in Swabia, Salzkammergut and the Limestone Alps, and 
in horizontal strata or rocks with pronounced jointing like the Quaderfand- 
ftein of Sachs! sche Schw'eiz,"*® the Bunisafidstein of south Germany,'*^ soft 
rocks in parts of Asia Minor,**^ or sheet-jointed granites in Sinai.^® They 
arc especially apt to arise from landslipping,**^ as in the north Limestone 
Mps, Big Snowy Mountains, Montana, and the Pennine Chain. Some 
cirques may be unaltered pr^lacial landslip hollows^^ ^vhiic ice may have 
modified others,"^ Landslipping, by aiding a glacier’s tug, may Indeed under 
suitable conditions help cirque-formation,■*7 

Non-glacial origin. Cirque were earJy misinterpreted as volcanic 
craters"** and even later had a volcanic origin assigned to them,"*^ as in central 
Franix, Spain, the Andes of Ecuador, and Ross Archipelago, Antarctica. 
Solution has also been invoked for those in limestones 3® and others, as in the 
Balkans,31 have been regarded as glacially modified dolincs. 

In the days when the belief in glacial submeigence held sw'ay, cirques were 
attributed to marine erosion .32 Deformation or tectonic subsidenoe was also 
called in,33 notably in the Vosges, Pyrenees and Bohemian Forest. But 
cirques are restricted to definite zones of altitude (sec below), are absent from 
mmy faulted terrains, and occur w'here no dislocation is detectable, 

T, G. Bonney 34 examined cirques in ealcnreous and other strata of the Alps 
and the crystalline rocks of Skye. In his view, shared more or le^ by a 
number of other geoIogists,35 they were excavated preglacially by small con¬ 
vergent streams working backward into the hills. But water erodes linearly 
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and docs not raise thresholds. Nor is it pr«ent in any quantit)' in the fim 
region in which cirques are typically developed.^ 

Glacial erosion. In vie^v of the weakness of its rivals, It i$ not surprising 
to find the glacial origin of cirques, hrst propounded in iS6o by Ramsay, 
applied during the followng quarter of a century in most parts of the 
world-® and almost universally in recent time,®® Positive supporting 
evidence is overwhelming though worker® during the 19th century did little 
more than appeal to the theory's reasonableness. Cirques, as Ramsay ob¬ 
served, are intimately related in their distribution to present or former 
glacierisations: they are the "characteristic fossils” of andent glaciers® and 
are found throughout all glaciated mountains (though weakly developed in the 
Caucasus*!) as iheir numerous local names*^ reveal: /Car, Bavaria and 
Austria (of interesting derivation*®) * Gnt^, Riesengebtrge and Tyrol**; ctmn, 
Wales-, comhf, English Lake District; tomhe (cum) and %, Ireland; esUare. 
Rumanian Carpathians; sanega, Slav mountains; rup0, Balkans; owie, 
Pyrenees; coire (come), Scotland; Ao/n, Norway; hvilft, Iceland; dreo, Italy; 
and ctufTal and hoya, Spain. These names are equivalents, though it has been 
suggested that cwm or corric should be restricted to the individual high 
mountain valley, the term cirque being applied to the larger, often composi te 
feature of the great alpi ne regions of the world 


Cirques and snowline. Cirques, as F. Ratrel noted and Penck's table® 
brought out, encircle mountain flanks at 3 definite height peculiar to each 
group. The girdle runs parallel with other altitude zones and is closely 
related to the glacial snowline, as has been demonstrated for many regions,*^ 
e,g, Norway, Greece, the Alps, Pyrenees, Apennines and .\ndes. It has been 
frequently used, as by Geikie** in Scotland and by Penck and Richter in the 
Alps® and more recently in the western United States,^® to fbc the height of 
this line. The lighter the snowfall, the closer is the relationship.^! 

Thus the cirques rise from higher to low'er latitudes,^^ north-west Ice¬ 
land, zoo-400 m; Central Non^ay, 1000—1600 m; Himalayas, 4000-5000 m; 
Peruvian Andes, 4300-4600 m; Patagonia, 1000 m; New Zealand, 600- 
izoo m. In the Lofoten Islands, north Fennoscandia, north I^abrador, 
parts of Greenland and ,\Iaska, Tierra del Fuego, and Antarctica, e.g. South 
Georgia, they- are at or below sea-le veU® and give rise to fjords of the specially 
broad, haJI-o%'a| type; Spitsbergen^^ alpine inassifs are sunk into the sea up 
to the cn^ of the glaciers. Cirques also ascend froni the margins into the 
mtonor of mountains,^* as in the Hohe Tatra, Pyrenees, Vosges and Scottish 
Highlands, and rise eastwards In Europe a$ the following data bear out’i: 
V osges, 570 m; Black Forest, 750 m; Bohemian Forest, oto m; RieseneebirE'c, 
1030 m; Altv atergcbirge, 1 zoo m; Hohe Tatra, 1500 mV 

A corollaty is that the tiers of cirques (sec below) in some mountain groups 
^ncide with the successi ve positions of the snowline in its upward retreat,’* 
Thus de Martonne's "pa^itic cirques”” of the higher Carpathians belong 
to the rising snowline of the later and smaller glaciers, as do the Schneegrml 
kart of Fcis’* which also flank the mountains in tiers. 

1 he optinium randitions for cirque development occur apparently (and for 

^ r annuartempera- 

fnl impemture is too low, 

for example at sca-levd on parts of the Antarctic coast to-day, the process is 
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virtually at a standstill—this cirque excavation took place in a milder period 
before the present frigid stagnation set in 

A genetic connexion with snowlines has sometimes been questioned. 
Many Alpine cirques were buried under the Pleistocene ice—their flewrs were 
loo^aoo m below^ the ice surface and several loo m above the snowline of 
maximum glaciation®^' and the altitude of the floors js highly irrcgular^^ 
(this IS partly owing to aspect and to the glacier’s duration and erosive powers) 
and often related to pregiaciaJ relief,®^ e.g, rejuvenated heads. Other 
workersadmit the relationship but affirm that cirques are iinsuited to 
determine the snowline. Although observations®* in the Tauem and Vosges 
prove that caution is necessary in using this method, it is nevertheless true 
that small cirques, particularly if at the glaciated periphery, are well adapted 
for the purpose®^ and for checking snowlines obtained by comparing the 
lowest cirque levels tvith the altitude of unmodified gullies. 

Tandem cirques* Cirques in almost ail glaciated regions frequently 
occur in tiers,®® the tandem cirque’^ or ''cirque stairway”®^ (Ger. 
Kartreppe: Fr. espalier de cirque)^ each step often with its rock^basin and 
tarn* The heights of neighbouring steps in any one region are practically 
the same, as stressed by Penck,^ who stated^ somewhat hesitantly, that each 
step b related to convergence or to a position of the ice during its lateglacid 
retreat. This second relationship, applied by others to various glaciated 
centres^^ (Alps, Pyrenees, Altai, Andes, New' Zealand) and to steps in hanging 
valleys,^2 was extended by other glacialists^^ who equated each step with a 
glaciation as Hess^"^ did on other grounds. Paired lakes, separated by a 
vertical interval of 90 m, have suggested that the Yolande glaciation of Tas¬ 
mania (see p. 980) had two phases.^s Complications arc provided by recon¬ 
structed glaciers which are formed on low^er shelves or niches out of 
avalanched ice descending from higher levels, as w'cU as by structural flaw^ 
in the rocks which produce ledges on which small n^v^ or glaciers, by 
nivation and ice-eroaiQn+ may dig themselves in to make oorries of an upper 
storey.^ Interglacial stream action is also thought to have played a part 
(J. Blache, 1952). 

The connexion is denied®^ because the stages were too short-lived, the steps 
in different cirques are disharmonious in altitude, and stadial positions do not 
coincide with cirque-thresholds* Others^® again who share these objections 
see in the tiers evidence of successive, interglacial uplifts: Richter^ had 
previously interpreted the steps as preglacial features accentuated by ice. 
This conclusion finds acceptance and support^®^ in the transition from tandem 
cirque into small stepped hanging valley, anaJe^ous with the steps in U- 
valleys (see p. 32S) and already noted by Richter, and the steep, outward 
slope of the cirque*s floor in central areas in which rivers were probably still 
active,*®* 

A single series of cirques occurs on mountains which just projected above 
the snowline^ two or more, as in Norway, the Carpathians, Alps and British 
Isles, w here the mountains were severely glaciated and the snowline w'as much 
depressed.^^^ Reconstnicted glaciers may have steepened and recessed the 
ower cirques in the Lake DistrietJ^^^ 

Aspect. The orientation of cirques furnishes further proof of their 
glacial oripn. In the northern hemisphere, it is mainly northerly or easterly 
(the remaining slopes often have unaltered funnel-shaped gullies), I'he 
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asymmetry is due to snow gathering on the shady and wind-shadow slopes'*^ 
where it lingered because of the severe frost and" may be influenced by struc¬ 
ture! os—to-day the snowline is probably about aoo m lower on the shadow 
sides of mountains. Most modem glaciers face northwards,!® as J. J, 
&heuchzcr!®^ early observed and Knquist!®® emphasised in the Swiss and 
Austrian Alps: the glaciers on the Italian arc smaller than those on the French 
or Swiss side of the Alps. 

1 his aspect may be seen in almost all glaciated mountains, as in Norway,!® 
Vosges,! 10 German Mittelgebirge,!'! P)-rences,i !2 Alps.u^ Hohe Taucm,!!^ 
Niedere Tatra,!Carpathians,!!* Dinaric Alps,!*^ Apennines,!!® the BaJ- 
Anatolia,^ ^ British I^abradorj^^"^ west 

U.S.A.i^o and Korea, PorTnosa and JapanJ^^ In the southern 
hemisphere, they also face polewards or to the lee, e.g. in Tastnania^^® and 
the Peru%ian AndesJ^^ In the tropics^ they look westwards, prevailing winds 
rather than sun's altitude being the determinant 

The orientation is less pronounced in polar lands because the sun^s course 
15 circumpolar (wider temperature oscillations on the south side give the 
cirques this aspect in &vemaya ZemJya!®!). Exceptions are numerous on 
the higher moun mi ns in the tropics whose glaciers depend Jess upon favour¬ 
able ffinditions for their growth and preservationand on high mountains 
clsev^ he^e which because of their great height tended to have a symmetrical 
glaciation.™ f here arc exceptions too in both the Old and the New World 
If the preglacial valleys were better developed on the south and west, '^ if the 
daily alteration of freezing and thawing was stronger on the southern flank,1^* 
^ if, asm parts of western North America, westerly w'inds were the moisture- 


Asynmereical ridges. A closely related feature is the asymmetrical 
ridge. Aorthem faces on cast-west ridges and eastern faces on north-south 
ridges are often stecper,li 7 the one set being concave, the other smooth, 
regular and conv^: the junction, frequently sharp, has shifted at the expense 
of the convex si^de. I he causes of the asymmetry are probably variourand 
include longitudinal crevasses along the shadier side,!®* snow-caps and niva- 
tion,=J9 or excessive debris which checked ice-erosion on the sunny side.i^ 

Although geologists almost unanimously 
Pirn ■■/.a ^ ^hcv atc Strongly divided upon its manner and degree. 

Cirque glaciers, 
cirques"'!«), the smooth and 
as in the ^'^et - asm, the cirque-moraine, and by the coincidence, 

!fonn=iI^ ■ ' of cirque and glacier.i« Yet the diametrically 

opposite views of protection and profound erosion (see eh, IX) reign here; 
arque gW, ,,.. „id, „= prottcti™>« 

LTn Allcmatively, cirques have been eroded vertically, 

atlLv . K J"' difficulty, as mentbned 

alreadj when deling with the general question (see ch. IX}, is partly because 

the operation IS largely or completely hidden from sight. ^ 

■**??" f'’«^t-riven material from the surrounding walls falls 
upon the ice i^ich transports it to the snout to mate the end-moraine. This 
process Im^'rfectly reeognitedby early writers including K. Ixiranges ft868) 

ay and the Alps, and has since been emphasised for many cirque-regions. 
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espcciaJIy in the Old World.It lias even been elevated to be the main 
cause of cirque formation,^'^^ notably for the Antarctic where the attack is 
brisker above than beneath glaciers. This meteoric action was helped by 
avalanching which, working in early glacial time along rock-junctions, has 
been regarded as the sole force^^^ and by frost acting powerfully along 
Ampferer'a “ black-white boundar>'l^l and in the G^Mfigekar^ during early 
and late stages. It found a strong ally in the snow-cornices which the wind 
created on the cresl^^^a- \}^^y astonishing amounts of rock when they' 

broke away,*^^ 

Though this action was responsible for the sharp crest-lines above the 
cirques, it alone was not able to make the cirque, notwithstanding the un¬ 
doubted extension of the action below the "black-white” boundary by 
repeated freezing of the considerable quantities of melt-water which 
descended far behind the snow and ice, especially if there was a Rmdkhifi or 
Randspalt^^^ (see below). Like the hypothesis of bergsehrund sapping (see 
below^), it is merely an auxiliary process, working peripherally* It did not 
deepen the cirque or excavate the floor and rock^basin,^^^ nor was it 
capable of eroding thoge^ the largest of al! Alpine cirques^ that lay completely 
under the Pleistocene ice (three-quarters of the Karwendel cirques were so 
situated^^). In these eases (eh p. 297), cirque formation was probably at a 
slandstilps^ and meteoric frost operated solely during the earlier and later 
phases of each glaciation. Hence its importance should not be exaggerated: 
it was merely one factor. 

Direct glacial erosion. Abrasion and plucking have been frequently 
charged with mating cirques.Andrew^^^*^ in particularj thought that 
these were initiated under glaciers as steps that receded towards the glacial 
Jividep the erosion increasing down the cirque wall as the ice flowed more 
rapidly. Some of the Pennine cirques were regarded as gigantic holes 
scoured by ice eddying round the valley curveslike the glacial scoups 
that sometimes scar U-valleys on the concave sides. Such forms would 
apparently include the Dun^hgatigskdre of N* Krebs or DistePs Durch- 

Abrasion and sapping operated without question on the floor of the cirque 
where the flow w'as in general parallel with the rock-face: they gnatved out 
the nock-basin (see p. 274). 

Bergsehrund sapping. The significance and importance of the berg¬ 
sehrund (see p. 45) in cormexion with cirques were first stressed by W. D. 
Johnson tvho w'as lotvered t, 45 m into the bergsehrund of Mount Lyell 
Glacier, Sierra Nevada, California. He found that the rocks in its lo%verpart 
w'cre shattered into loosened blocks and fragments by localised frost, due to 
fluctuating temperatures and to waters freezing in pores and structural planes, 
so that rocks, inextricably interpenetrated by icc^ were plucked out as the 
glacier moved awaVn Similar observ'ations were made in Scandinavia^®^ and 
in the jVlps^^'^ where melting and undercutting of the cliff head were observ'ed. 
Erosion of the order of J cm;'diem was found in the transverse crevasses that 
meet the glacier bed on the east slope of Pelvou.x.^®^ Similar freezing occurs 
in the Raridkluft^^^ (see below). 

Basal sapping probably extends downwards as well as backw^ards. But the 
downward fracturing is hindered by the difficulty of removing the disinte¬ 
grated material so that the cirque-floor remains approximately flat, enlarging 
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horiuont^ly in the trail of the receding cliff. Thia recedes mo$t during the 
early Stages and where the rocks like granite or other crystalline masses are 
well jointed or the strata are horizontal and of variable hardness. The 
potency of the sapping may be gauged from the huge blocks to be seen in 
these positions; in the Antarcticj several up to 6 m long have been extracted 
and transported 45 m from sockets still intact and visible.Plucking was 
most severe at the back wall because there the ice was coldest and most rigid, 
moved forward at the highest angle to the rock-face and had a constant 
supply of angular tools.l^^ 

Johnson/s view has been adopted generally in America and by a number 
of geologists elsewhere.It is confirmed by the absence of cirques in those 
parts of the Alps which during the Glacial period w^ere completely w^rapped 
in ice and had no bergsehrund^^s p. 297) or where the prcglacial slopes 
were gentle so that tlie rocks w'ere uni^le to deliver mate rial to a 
ber^chrund.^'^^ It is confirmed too by the sharp shrundlinc (Schnindliiik) 
which Gilbert^J^ detected m the abandoned cirques of the Sierra Nevadas. 
This is found in an occasional *Mive” Alpine cirque and sometime^ ac¬ 
companies a marked terrace: it separates a rounded^ glaciated surface below 
(where the ice was active) from a steep, raw face above (where the snow and 
ICC w ere frozen on to the rock). 

Sapping clearly defends upon the diurnal or^ more probably, seasonal or 
shorter period oscillations across the freezing point. This is made possible 
either by the communicating air in open crevasses or the dowmdraught in the 
bergsehrund, and incidentally in other crevasses by waters that drip from the 
surface or issue as seepage springs of the internal mountain draina^ at or near 
the foot of the cirque-wall, especially in well-jointed and wdl-bedded rocks 
(see below). 

Bergsehrund ^pping, like the meteoric hypothesis, is only an incomplete 
explanation. Cirques cannot thus arise Lf, as in certain modem glaciers,^ 
including the Antarctic, or in the Pleistocene ^||g bergsehrund is 

absent or invisible (the bergsehrund and its sympathetically curved crevasses 
may be an effect rather than a causeor if it does not encounter the tvall— 
^ is generally the casel®^ (contact is only made if the wall slopes 

^ 50 as usually happens, intercepts the wail far above its foot.l®^ 

L he objeebon is also made that the sapping is too hypothetical and rests on 
too Lmited an observational basisn Moreover, temperature changes at the 
bottom of the bergsehrund, unless m small cirques, are exceptional and con¬ 
trary to (^perienccis** and do not take place in winter when snow fills the 
crevasseiB 7 m tunnels through the Tyrolese glaciera the ice was firmly 
frozen to the underlying rocki»« and a series of ice-floors (B^den) extended 
from wall to w all, entirely cutting off all air-eircu!ation or percolating waters, 
rhey are most probably absent in the cold Areticl^ and extremely cold 
Antarctic 190 and m temperate lands where the bergsehrund is usuallv well 
above the orographic snow line,and are least likely on just those noilhem 
jees wher^^ cirque glaciers are apt to rest.l^»2 j^^ccssaiT to 

disunguish between temperature osdUations in the air and in the ground.^^^ 
rhe action is improbable, except possibly in dry^ regionsl 94 ; fur the tempera¬ 
ture oscillaUons arc tw infrequent to Have any appreciable effect, 1^5 utde^, 

r":i thejaint-ruptured 
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In fine, sapping takes place at the base of a bergschrund (which marks the 
upper limit of glacia] erosion in a cirque) in amall cirque glaciers and in the 
maturer stage of development (in large cirques, the bergschrund migrates 
upwards and only touches the back wail far above its junction with the floor). 
It is greater in lower latitudes and in shallow^ open bergsehrundsJ^^ JEhirg- 
schnind sapping is a main cause of the backward recession of the walls. 

^rhe point of attack shifts in various ways; the bergschrund opens at a 
slightly different position each spring; the glacier rises and falls with varying 
conditions of supply and wastage; and in the final retreat^ the bergschrund 
steadily traversi^ the w^hole of the lower part of the cirque wall. 

Emphasis h also laid on the action of w'aters tvhich, as in modem Iceland, 
Spitsbergen and the AJpSp with active meltings drip or pour into the randkluft 
and bergschrund and along the head w-all.^^® This w^ater, which ftecises on 
high mountain peaks and ridges to form the ice-apron^ extends the sapping to 
the base of the bergshrund if freezing occurs. The most important fmictiori 
of these vv^aters may be to transport the debris produced by frost action and 
cause the soaking to facilitate such action,The sapping is also associated 
with ground-water seeping out of the rock,^®^ the schrundline (see above) 
indicating the sapping level. Thus in one way or another, the head ^vall, as 
in many British cirques, is shattered and plucked to its base and repeatedly 
meets the abraded floor in a sharp angle. 

The cause of tlie hollowing out of concave floors near the back of the cirque 
may be connected with this head wall sapping which may w'ork in an inclined 
direction, i.e. downwards as well as backwards,^^ though the lateral sapping^ 
in general, probably exceeds the dowm^vard erosion,c.g. in those cirques 
which occur in the angle at the margin of monadnocks^ 

Subglacial frost action* The lowering of the floor with its rock-basin 
must be sought in other processes than those just mentioned. Among these 
may be the freezing and melting wliich accompany the changing pressures of 
the ice upon its bed,^^^ since increased pre^ure raises the meltmg point, 
decreased pressure louvers it (sec p. 115). Water in joints or pores in the rock 
or in the m^r^ne profonde (where this exists) alternately freezes and thaws in 
unison with the clianges and shatters the rocks. Experiments^ reveal that 
Slones embedded in ice and subjected to varying pressures disintegrate 
mechanically in the same w'ay as when they submit to changes of temperature 
alone. The action is independent of a glacier's thickness and the actual 
pressure so long as the sole is practically at melting point, as is the case for 
example at the base of a cirquc-glacicr (see p. 107). Fmst action has been 
traced on Fmier exposed by the retreating Vemagtfemer, on boulders com¬ 
pletely entombed in icc (some of them totally disintegrated), on stones that 
emerged from inner moraines* and in a gallery piercing the Tete-Ronsse.^^^ 
Salomon^ in particular has stressed the geological significance of this 
force. In his opinioOj it operates at all inequalities and breaks of gradient 
and attends the constant opening and dosing of crevasses at the base. Its 
effect is severe because the ice continually removes the riven material and, 
incidentally, provides angular pieces for abrasion dow^nstream. Blocks dis¬ 
placed on recently vacated glacier beds may be due to its action rather than 
to plucking (cf. p. 250), It probabiy took place at roches moutonn^es where 
the ice froze on to the lee and was enhanced if ^vaters, under cooled 

by increa$ed pressure, reached bedrock.^^^ 

Y^t such mechanical action is denied,^ Pressure changes of this kind areg 
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it is said, either absent or inconsiderable and restricted to relatively few places j 
basal temperatures are always above, and ground temperatures, as in Spits¬ 
bergen and north-east Greenland, always below freezing point; and neither 
striated and polished rocks nor boulders in the moraine profonde show any 
sign of it. 

Its quantiutive effect is difficult to judge though He$s2io sought to do this 
on the Hintereisfemer, Experiments^^' suggest that it varies with the type 
of rock and produces only fine material like sand, gravel and mud. A single 
freezing gives merely a fine powder, 

F’lactiiring of subjacent rocks by cooling or changes of temperature alone 
is probably quite negligible,^though frost acting on ice-frcc surfaces at the 
beginning and end of each glaciation helped to loosen the blocks.^'^ 


NivotioB. In genera], sedentary snowfields, stagnant ice-caps and dead 
glaciers pmtect the rocks beneath them from frost and river-erosion. Yet 
snow-erosion or “nivation"^^'^ is a powerful and rapid agent in initiating and 
enlarging cirques, *1 he germ of the ni%'ation idea, i.e. that snow-masses keep 
the rocks moist and err^e by repeated freezing and thawing, is to be found in 
a paper by Hell and in iSy6, Stationary snow-banks, notably if they melt 

gradually and allow the waters to soak into the disintegrated rock, steadily 
wpen any pm-existing depression, however slight. Excessive frost acts 
vigorously during summer along the receding edges of the snow at the triple 
contact of snow, rock air and also, importantly, below' the snow-patch^'* 
w'here the permafrost is locally near the surface. Melt-waters penetrate the 
rocks, cs^ci^Iy if these are soft and permeable, and freeze at night and 
remove the finely comminuted material. Such snow-banks, whose limits 
Trary in response to the many changes in precipitation and temperature, make 
the twKs amund the margin loose and porous by repeated freezings and 
thawings In a self-stimulating manner, they sink with indefinite boundaries 
into the face wfech becomes concave in profile (see fig, 27. p. 80). Scour 
and transportation are absent, unless the snow bv increasing thickness and 
pressure passes into moving ice. ' 

The realiQ' of nivaUon is now established 2 l 7 Snows moisten the ground, 
notably on fairly steep slopes,2l» and aid solifluxion,l« though Bmvman^^" 
who believes they have motion attributes nivation to nival plucking rather 
than to frosL De Ma^nne^^i ascribes to nivation the multipLit,' of cirques 
m mount^ns like the Carpathians that had only a restricted local glaciation. 

-Wrica222 3nd in Grecnl^d where 
?• Ekblaw^ recognised three t>'pes of snow formation and action: 
(oMome-shaped drifts on plateaux which form terraces by melting pro- 
grcs.si\ely iitwar^ from the cdp; (i) piedmont drifts along the foot of ex- 

he^b^Kom* ^ti ''5’^ sapping attacks at the top and solifluxion at 

it J P near difl^tops where cirques are 

mtiated. Uogho^^ also d^enbe-d embryonic cirques along joint planes; 
th^ are the roMiarr of Spitsbergen and Nonvay,^ In Iceland ^ snow 
patches fdl into three cla^- transverse patches, guided in their siope by 
outcrops of ^ds; jondtodinal patches, occupying dr^^age 
hollows; and ei^lar patches m slight concavities which develop into cirqui 

Doppefgrate,^* which occur for example in the Central AIds I impstnne 
Mps and in the Tauem arise if frost, nivation, defla'on nnd ^oit^tcr 
act on rocks of varying hardness and resistancei^® and in connexion with 
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snow troughs. On east—west ridgeSp they tMV create ridge- and saddle- 

tates.230 

Nivation is regarded not only as the cause of asymmetrical cr^t-liues^^ 
and an aid in forming cirques^’ but as a means of excavating these whero 
there was no previous hollow 2^3 (according to R. Lucerna 2:54 nivation turned 
the grosvth of the cirque to^vards the shadow side and formed curv^ed cirquc$ 
in the Nicdere Tauem). It has been emphasised by none so strongly as by 
Bowwian^^s basing his conclusions on researches in the Peruvian Andes, 
showed that snow if thin moved more quickly as the gradient rosCj and that 
the thickness necessary for movement decreased with a rise of gradient. 
MattheSp2^*^ from obscrv'ations in the Bighorn MountainSp thought a snovvfield 
sloping at 7® would require to be izs ft (38 m) thick before flovv began i 
others^^ estimate the minimum at 150-225 ft (45-70 m): lateral moraines or 
the height of preglacial modification may be used to obtain these amounts. 
Bowman greatly reduces it (with a slope of 25® the critical thickness would be 
15 m) and recognises^ that the degree of compactness and diurnal changes of 
temperature are crucial. He relates nivation to cirque erosion by supposing 
that a snow-bank resting in a hollow in a slope will deepen from nothing at 
the lower and upper edges to a maximum w here the angle of slope is c. 20^. 
Between the gradients of 10° and 30a hollow will be eroded that will deepen 
the snow' and by augmenting the pressure at its base convert it into fim and 
finally into glacier-ice. Further deepening is impossible if the contre-penU 
13 5^^ until the basal snow^ becomes ice. Bowman believes the varying rates 
of motion of snow, fim and ice at a valley head arc the real cause of basal 
sapping at the cirque wail, and that the sharp break between steep head wall 
and flat floor marks the line at which the erosive power increases and increasing 
thickne^ transforms the fim into glacier-ice. 

Nivation as a pow'erful force is demonstrated by the recessed slopes at the 
edges of snow patches^^^fi in the strandJlat gullies in Spitsbergen. It 
acted w'idely among the ice-centres of the world at the beginning and end of 
glacial epoch* as wdl as in the mountain clusters on the periphery' of the 
snowline, e.g. in central France and the Carpathians. Whether aJone it made 
true cirques may be doubted-^it is denied, for example^ for Antarctica to^ 
day* 2^9 Nivation cirques 240 form^ resembling the Karembryos of Krehs, 24 l 
Karouis of Sdlch *242 of Geh&ngekare of Pels 241 resulted; for an action which 
tended rather to widen than to deepen 244 had probably a definite downw'ard 
limit though this varied with the climatic environment. 245 

r. Ct and R. 1 \ Chamberlin 246 imagine that stationary snow is protective 
and that erosion begins when moving and abrasive snow-ice coheres to the 
soil, loose rock or subjacent strata. The line of demarcation between moving 
and stationary masses is a scar, the cirque’s embryo. .As the process con¬ 
tinues* this becomes more and more pronounced and initiates and localises 
the bergsehrund. 

The complete series of gradations behveen nivation dimples and true 
glacial cirques arises not by continuing the nivation process but by immobile 
snow' passing into flo\vLng glacier-ice. The change from snow patch to 
glacier and back again to snow patch encourages cirque growlh by removing 
the disintegrated materiaL 247 Chemical action was an aid. 24 B 

Modified preglacial features. WTiiJe* therefore, small cirques may 
originate through nivation, as on the Norwegian plateau in places unconnected 
with valleys, the majority inherited hollows in which ice-sculpture succeeded 
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water-sculpttire *249 conclusion was delayed by making the cirques 

wholly dependent upon the snowline (see above). It has now^ ho^vcvcr, been 
demonstrated not oidy for tlie Alps ^50 but for many other regions,^^* in¬ 
cluding Scotland, the Faeroes, Pjxenees and German Mittelgebirgep w'hJch 
being lower have been less severely modified, xAustrian gcolo^sts, in par- 
ticular^ have emphasised this view^ since 1920 by stressing the importance of 
the pregladal rehef and minimising that of the ice+ [t may indeed be as tnie 
to say with Agassiz that glaciers exist because of cirques as it is to state the 
converse. 

The half-funnel shaped bassin de recepfim torrentid (L C. Russell's 
“alcove^'^ 3 ) has been converted into a half-cauldron cirque. By adding its 
owTi “ parasitic relief”,^ the ice has modified vulcanic cratersnich^ in 
mountaJn sides,^ lan^lip scars or fault holJoH's,^^ spring amphitheatres and 
karst dcpressionai^® ravines (especially thq$e^ as Richter emphasised) which 
are radially grouped^ and the beginning of hydrographic nets,^^ either along 
the sides or at the head of main drainage lines—the cirque floors belong to the 
region of the trough shoulder and unite into a single surfaoe.^eo xhe slope 
has been steepened into a precipice; the base has been thrust back; and the 
floor has been flattened or inclined backwards. 

All stages in this tran&fonnatioii of ravine into cirque have been recognised 
by Richter and traced in the field as in the Alps,Pyrenees and South 
Victoria Land.^^ Davis deduced them from studies in Snowdonia and 
central France. Doubts may exist about the category to which a particular 
hollow belongs^: many rain-funnels in the Zillertah for instance, are locally 
called 

The steeply falling floors of many cirques, as Richter^ Salomon and de 
hlattonnc noticed, and the presence of such cirques in more highly domed 
par^ of the Gipfeijlur (see p. jiy), e-g. the ZillertaJ Alps,^* suggest this 
dcriv'ation. Further pointers are the steps which may mark ruptures in the 
preglacial slopes(sec p^ 397) and ttie threshold's probable coincidence with 
the confluence of preglacial streams^^^ or constrictions in their courses.^^^ 
More conclusive are the cirque's disposition respecting the present drainage; 

position next to unaltered stream funnels,^^^as in the Riesengebirge and east 
Carpathians; the river-eroded hollotvs in southern and western slopes 
(see p. 298); the actual head of a preglacial valley occasionally preserved above 
the cirque ^^4 ; the passage from XJ-sbaped cirque above the end of a glacier 
to unaltered V-shaped ravine below(cb p* 322); and winding cirques as 
in the Kanvendelgebirge^^^* 

Salomon,^^ discussing the evolution, distinguished a cirque-embryo or 
'"Richter stage**, with mainly backward w'oatbering of the walls, and a later 

h'ldselc stage (from Mosclc, Zilleital x\Jp5)p characterised by pow'erfol ice- 
erocsion of the floor when the snowline was further lowered (H. Philipp 
thought this too was an early stage and not a development of the cirque 
embrj'o). 

Cirques commordy coincide with the head of a rejuvenationas has been 
frequently demonstrated in the eastern Alps and Tyrol.^a* The altitude of 
the floors in the Karw'endelgebiige W'as controlled by the valley system and 
preglacial relief and w'as a function of the length of the tributary.^! Cirque 
and valley floors fall into the same ^one with a direct and uninterrupted tran- 
si^on from Hochjiur to cirque, c.g, in Rondane and Jotunhcim.^2 Jn areas 
ot low preglacial relief, cirques are unusually flat and have poor thresholds 
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and no RiitkltefurtgJ^^^ Twin cirques dwell in preglackl i^leys which forked 
at the upper end, and more complex forms where many valleys existed, I'hc 

absence of typical cirques from the highest Karakoram and Hlndukush 
mountains is due to the topographicaJ uniformity, and from the western 
Alps and central Caucasus to the steep fall 285 ' 'Phe restnetion of well- 
developed cirques in the central Alps to the Gotthard region 2B6 may spring 
from the Hoeftgebirgs nature of the preglacial relicf^S? or the rapid growth of 
the fim-cov*er 2 »« which the great uphi^val of this part of the Alps, postulated 
by H. V. Stapf on other grounds (see p. 327), has caused. 

Cirque recession. Meteoric action above and sapping and plucking 
behind compel cirque-glacim to cut back abruptly. This " head w'all 
recession , whose seriousness in glacial sculpturing Ilelland and Richter were 
the first to appreciate, 2 * 5 * scallops the mountain w'ith a “biscuit cutting 
clfect 290 in tlie Cuillin Hills of Skye, 2 ^^ the cirques are numerous 
enough—the relatively long cirques of Rondane in west Norway are due to 
the case with which the local sparagmite was cut back.^w For full develop¬ 
ment, broad massive mountains are essential 29 i—ftichter, 2 W from .4ipine 
observations, judged that their base should be three times their altitude and 
the angle of slope should not exceed 3i\ " Crater cirques’'ZS 5 arise in sub¬ 
summit positions as in coastal Norway north of the Arctic Circle, 

At an appropriate stage in the glacial cycle, the importance of cirque en¬ 
croachment and recession is paramount, exceeding that of valley glaciers 
Hobbs, 25 *® w’ho realised that the work of cirque-glaciers was a Junction of 
their duration, distinguished several stages in the topography's progressive 
evolution (fig. 58). In his Grooved or Channelled Upland, Penck’s /fwjsd- 
the broad massive ridges and dome-like forms, such as Mont Blanc 
and the Kopf of many mounuin^s in German-speaking countries, arc little 
dissected and the preglacial relief is largely preserved. .After the cirques have 
eaten back strongly and several of them, by convergent retrogression, have 
consumed a central peat the Karling results (typical of the Cuillin JIills 25 * 8 ), 
the cirques communicating with each other by **Kitrlii^ passes which 
have saddle-shaped or hyperbolic curves. Further encroachment and 
sharpening of the ridges produces the Fretted Upland, well seen in the Alps, 
Lofoten Islands, the High Sierra Nevadas and Cascade Range of North 
.America, and in the Royal Society Range, Antarctica. In this type, the pre- 
glacial relief is almost wholly dissected (the Ftm/eldnivgau in the Oetstal Alps 
is in plac^ completely destroyed^) and replaced by a meandering skeleton 
comb-divide and a network of aretes, main and lateral, w'ith sharp peaks and 
horns and cusp-shaped passes, the Tori type of Sdlch’^s classification.201 fn 
Hobbs’ Monumented Upland, e.\emplified in the Glacier National Park, the 
recession has left only isolated j^aks; the thin aretes have been eliminated and 
superseded by meandering divides and unusually low cols, the .Alpine 
GJftscIiftjoch, In the Cascade and Rocky Alountains of western .America, 
such passes have been followed, first by Indian trails, then by highways and 
rril ways. 3*2 Maul |303 recognised a series beginning with Quelllruhttr^ 

1 alsc/itiisse, Hochialef, Scfiluc/itcn and IFuadnirr/teN and evolving through the 
lV<iiwe»kar into the Grosskar and finally into the Karlerrasse. 

The various stages may be exhibited in a single group, as in Jotunheim, 3 W 
and in Arran 3*5 where the slopes are maturer in the cast. They are ^so 
arranged one above the other, as in the Alps, 306 Rundlin^ occupying the 
20—Q.E, I 
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lowest, J-Ialbkariings (drqucs on one side only) the next, and Kitrlwgs the 
highest positions. 

The recession of inosculating cirques creates zig-zag knife edges, ivith denti 
and aiguilkf^ so well described by J. Ruskin.^o? They are the culmination of 
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the cuspate septum between tivo cirques. With their sharply projecting 
towers, the atahoma ** of Russell and gejidarmes of Alpine literature,^^ 
they serrate the skyline in the Hohe Tatra, Lofotens and Snowdonia 
Sharp peaks project from the main watershed j such are the Finsteraarhom, 
the Aiguilles of Mont Blanc, the Snehitten of Norway, the Cobbler of -Arg> 11 , 
and other peaks in Arran, Mull and Skye. 

If three cirques come together* the mass of rock sw^eeps up with incur>irig 
sides to a tricuspatc peak^ where four cirques meet, to a quadricuspate peak, 
as the Matterhorn i quinquecuspate peaks like the Mdnch are rare. These 
homs are widespr^d, e.g. the Aletachhom, Wetterhom, Ritzlihorn, Breit- 
Weisshorn, Shreckhom, Gross Glockncr, Titlia, Jungfrau, 
and L iUguille du Dni m the .Alps, Mount Sir Donald of the Selkirks, 
Mount .^inifemc m the Canadian Rockies, and others in South Victoria 
Land and the King Oscar Coast, Antarctica-^u 


Hence, cirque reepsion consumes mountains and cjonverts Mittetpebirge 
with domed watersheds into Hochgebirgp m which cirque and '‘alpine” 
scenery prcdommate.^l^ Since the latter, being linked with the facial 
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snowline, may occur at any altitude from above 1500 m in central Europe 
to practically sea-level In I^foten Islands and arctic regions (see p. 296 ), 
and rounded forms arc to be observed in many parts of the high American 
Rocky Mountains, the term is somewhat misleading,^'’* There are transitions 
in the Transylvanian Alps,^'® 

Cirque -terrace, It has been conjectured that glacier troughs or U-valleys 
of considerable dimensions may originate by head wall erosion of cirques.^'* 
It is^ ^so thought that by cirque recession and the lowering and removal of 
partition walls and their towers, cirque floors may be enlarged and united 
into a new denudation level, the “cirque platform", “cirque-floor bench”, or 
cirque-terrace^J'' {Karphnie^^^). Richter^'^^ was of the opinion that wide 
plains, such as the Norwegian paiaeic surface (see p. 348 ), resulted from this 
"decapitation of mountains”. Others attribute to it the shoulders of U- 
valleys,320 the FirnJeMniKeau^^^ (see p. 326 ), the Nor^’egian and Spitsbergen 
strandflat,32i and the low coastal platforms of South Georgia and Graham 
Land, 32 J Luccma324 has even (erroneously 325j derived Mitttlgthirge 
from HachgehtTge in this way, 

Such terrace-formation corresponds more to a deductive scheme than to 
actual observation,320 except as relatively narrow strips of irregular relief and 
considerable slope. Glaciation ms not long enough to permit this final stage 
to develop. Moreover, as the recession approaches completion and narrows 
the gathering grounds, it automatically forces the glaciers to dwindle, destroys 
the conditions upon which they depend, and brings about their own extinc¬ 
tion 3^7 (see p. 213 ) — Haast,32B for example, thought the ridge-forming action 
contributed to the retreat in New Zealand. 

Date of exca vatioiiv GtacLaliats differ widely about the age of the cirques. 
These are referred to the early stages of each glacial sub-t^cie, when frost 
was severe, ^eit moulding and rounding belonging to the maximum gf the 
regional glaciation which striated their backs, made them Jess steep and erased 
the pinnacle of the fretted aretes. The early partition walls on the Seandi- 
nainan divide were in this way removed where they stood across the flow from 
the later, eccentric iceshed ^^^the partially erased cirques are named kjedek— 
or have kame-terraces or other marginal features^^l Tyrolese cirques Avere 
also overridden transversely or ob]iquelyj332 ^ were the earlier cirques in 
LabradoFj^^^ Greenland and north Fin land. 

Taylor's palirapest theory supports this view. It supposes that the 
cirques of South A^ctoria Land were couloirs which cirque-glaciers of Pliocene 
or early glacial times modified and later plateau ice from the west overrode 
and severely altered, leaving relics in the shape of cirque-basinSp rock-barriers 
and terraces* The cirques in Ross Quadrant^^37 which are so low as to be 
partially or completely submerged by Ross Barrier or by ice from the larger 
glaciers (similar ones, older than the general glaciation, occur in South 
Georgia3^3 and may lie beneath the steeper falls as in Ferrar Glacier^^5), have 
been regarded as a strong argument for this early date.While such 
Durchgangikure^ as Krebs termed them^ may have so originated, this can 
not be true of the iJrspnmgsk^e. 

Many of the big cirques in Peterraann Range and other mountains of 
north-east Greenland, where the interval since the complete inundation of the 
area by ice was relatively shorty w^ere apparently also initiated and developed 
in part during the advancing hemicydep^^ and like those of the Tomgat 
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Mountains of Labrador T,verie spared destruction, though they were later 
overridden and toned down by the continental ice. Some are being un¬ 
covered by the present recession. 3 +* 

A Jategiacial date has been given for some mountain groups south of the 
North American ice-sheet^J (White Mountains, Adirondacb, Catskill Moun¬ 
tains, Mount Katahdin), Scottish Highlands,Norway^"' and parts of the 
Alps.^® Lucema^® has frequently advocated it in extending to cirques his 
ideas on the exepation of U-valleys by the ice of the “ postglacial stages " (see 
p, 321). But it is denied ^50 because interglacial breccias, as in the Karwendel- 
gebirge, are still intact, and the latcglacial moraines and the cirques behind 
them are nurkedJy disparate in size. Phis association of diminutive moraine 
and large cirque is almost universal, recorded exceptions being rare .?52 While 
there may have been sev'ere loss into glaclcr-streams, because the glaciers 
thoroughly comminuted the eroded rocks (see p, 319) or the debris, as in 
the \Vhjtc Mountains,-^^ was spread on to extraneous ice encircling the 
mountains, in almost all cases it must be assumed that the sculpturing and 
removal of the material belonged to a time when the glaciers, whether late- 
glacial or not, were still sufficiently big to carry their bads far away from their 
source. Interglacial subaerial erosion may also have played its part .355 

Yet a third view places the excavation at the climax of glaciation 336 when 
the debris was carried far afield. 'I’he cirques were fashioned by activities 
now practically moperadve .357 The short "postglacial stages" of rising 
snowline left unaltered except for the cirque-basins and the 

Steepened floors ^ But this date is dismissed by supporters of the meteoric 
and be^schiund hypotheses who think the cirque recession was then st *i 
standsuU.^ 5 ’ It was only possible if pronounced relief, ^ in the English 
Lake District,^® favoured flow from the centre. Yet there can be little 
doubt that, as m the British Isles 3*1 and Labmdor. 3 *i some cirques are early 
glacial, others lateglacial, hofhgiacial forms occurring only if the ice did not 
submerge the whole. 


Conclusions. The contrast between raw walls and glaciated floors bears 
witn^ to different forces in the birth of cirques. The majority have 
d^eloped from pre-existmg hollowa by (it) meteoric action abpt'e the ice, 
(&) bergsehrund sapping and plucking of the walls, (c) freezing of raelt- 
watem at the bead wal below the bergschnind-this action is probably slight 
—and (d) plucking helped by frost resulting from changes of pressure'. The 

f^i^terial constantly replenished 
from sapping and plucking below and 
behind 1 his detritus was earned, according to Finsterwalder's theor5- (see 

?tf i Plucking and abrasion were 

responsible for the cirque-basm (see p. 374). 

” 5 ^ 5 ^ glacial time and from maximum 
glaciation in th^e casra vvhere the ice did not completely bury the hollow. 

riS,no™ !S^lV?r. ^ was severe and a 

rising snowline kft its stadid cirques on the mountain sides. The cirques 

were re-occupied and refurbished with each glaciation. 
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Chapter XIV 
U-VALLEYS 


Form. By comparing unglaciated with gbciated vallevs. «r.g. valleys in 

those in the rest of the i\Jps, mduding the 
Zilkr^t Alps and other domed parte of the Gipfelftur^ certain distinguishing 

Hie V-shaped cross-section of tht 

forS^’in Znlt ll! Steep, youthful valleys, the stable 

k catenary* curve) is replaced in glaciated 

18-- U-shape which, noted by Helland^ in 
18/7 ^nd later by McGee (“glacial canyon**), gives them their generic name. 

tvij^U or1“**^ naccording to the kind of rock. The 
i<^n tiy^. 41"^ hard and homogeneous rocks,s 

as m the crystaJlme Alps or 'I yrolese iMuschellcalk, cspeciallv If the oreplacial 

Slid bToSJr S \ preglaciaUy had probably at- 

TTiTct f on the Sidra and ag_gradi?d 

ao.» Ih, in^ W; they „,y co„vm i, i„.„ , ,„pe»,-3r(C«r. 

Kaslmtr6ge). Steep valleys may be convex and V-shaped^» (seep. «i), 

eroded kte^h'^ant?tb*^^PIdovvnstream. Here the prcglacial streams 
rb r 1' ^^ Pleistocene glaciers flowed more rapidly,1“ expanding 
on to the foreland to make the valley trumpet-shaped.* * cxpanaing 

in lh'e"Mps?n'?8-oiSST ^scordant as A. SchlagintweitiZ noticed 

fb«l!f h h ^ Zealand In 1861/ Streams some- 



Vnii^i- r'»irf" •-^"'Iizeriand and in (he Yosemite 

\ aUey, California. Ascent from the main valley is often difficult fie 

iuwav d"mbraM the TatS!; 

G«td„L X Scl.»-,rt,ad. do,« .he hilhjde, « ,eech 0,e 

Zillcrtel and Oetztel Sp, 16 a^d ,k^ 

shaped hanging valleys imo cirSue?^ ®hort U- 

modification, have been distinguished.!*^ degree of 

f- ti^ugh wdls 

valley. Their presence indicates a '^PT 

trunk glacier as a result of thrust rtf>H ^titeivc power of the 

tributaries,^* of a reduction in the rate of fi * - angles to It from the 
debriaat the confluence of the glaciers 2 1 or^tXS'rV^*•^‘^ accumulation of 
As Riitimevery observed, XldSers k^n^ ^ 
v.rk»..ly cilid ( 1 -,. ,lop.'h..ok. “ds"„f^^,^ Z 
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TrQgrniid at the top of the " btoiaJ scarps Their steeper part grades into 
the flat, high mountain rncadows pf the Alps which carry a \'ariety of local 
geaeric nameSj^"* such as the "alp" which gives its name to the range (e,g, 
IVfngmiitlp and Grutsthiilp on either side of the Lauterbninrieii trough), piani 
in the Italian p or rephtom In the French, and Ebeft^n in the German 

Alps, They aometimea pass into the cirque-floor or cirque-terrace (see 
p, 307)^ though these generafly have a lower angle. The shoulders may be 
roughly constant in height or, as in the French AJpSp^s irregular. Often 
rounded and striated, they bear lateral moraines and wastage, and are rarely 
absent though ilicy arc said to be wanting in the Limestone Alps^*^ and the 
Caucasus..^^ They may be single, double or multiple as is implied in their 
popular designations, e.g^ the prefixes oAer* fnitiet and meder of the German 
Alps. 

The floor of the U-valley is rarely smoothly graded j in such cases^ as in the 
great eastern valleys of the New Zealand AIps,^ the grading is of postglacial 
date. The longitudinal profile almost invariably reveals a step and tread 
arrangement {le profile longitudsnal en escatier). The cyclopean treads of the 
rude staSnvay (Ger. Talireppe^)j especially in the higher valleys^ (Kar- 
Ireppe^^^ see p. 297), are crowned by rock-barriers and gently reversed to 
form rock-basinap e.g. the “paternoster lakes "-^2 the upper reaches and 
moraine-dammed lakes beIow\ The steps, soinctimes hundreds of feet or 
metres high, cross the valley from side to side roughly at the height of the 
steps in the tributaries. The uppermost b the trough head, the Talschluss 
or Tr&gschtuss of Swiss geologists (in some Alpine valleys present glaciers 
conceal it), where the two waits of the trough come together. Above 
it is the Tragplalte^^ whieh grades upward into the floor of a large terminal 
cirque or number of cirques* Exceptionally^ the TahcMuss (Fr, 
attfiigk; ** trough-end " or cross wall "^) may be missing^5 replaced by a 

flight of steps. 

A notch sometimes extends above the shoulders about the height of the 
ScMififgren::;^ (see p* 40), It marks the glacier's upper limit or the biggest 
of its retreat stages.^® This Schlififkehk,^'^ with its bounding SMiffbord^ may 
be a striking feature along the side of a nunatak or mountain (pL XIa, p. 352) 
especially near the Talschluss or at the erosion scoups {Ger. Praiisiellen) of the 
glaciers'*® w'here the hillside is sufficiently steep or is interrupted by a pre¬ 
glacial feature. It is generally poor or missing, as where hanging and trunk 
glaciers were confluent or below the level of the snow^line or where subse¬ 
quent frost action was severe. It inclines outwards and intersects the terraces 
made by differential weathering. It may have been eroded by icc'*^ or more 
probably by frostor pluckingalong the flank of a glacier or the randkiuft 
in the fim basinIt may modify a pre-existing feature,^^ e.g. middle 
Tertiary^ surface, or notch a previously continuous slope,^ 

Non-tectonic. After the diluvial theory, advocated among others by 
G. Buffon, G, A. Werner and P. G. Pallas, had been relinquished, early 
writers like A* v. Humboldt, L. v* Buebt de Beaumont and W* Hopkins^ 
regarded valleys as tectonic (cf. general history of the question'* 7 )* This 
view was held in Svvitzerland until after the middle of the igth century, as by 
E. Desor^ (1860), B. Studer^® (1863) and K. Sonklar^ (1873)^ although 
N, Desmarest had clearly reasoned in 1774 that the valleys in central France 
had been carved by the streams that flowed through them. ITiis epoch- 
making theory, anticipated too by J+ G* Suber (1762), J. E. Guettard ■(177®) 
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Md j. L. Heim (1791) and accepted by H. B. de Saussure (1770) and J. P. B. 
l^arck (1802), w-as later elaborated by J. Hutton and J, Playfair^^ 
Nevertheless, it was neglected for many years while the tectonic opinion 
conbnued to ^ held as by R. I. Murchison » for the Alps and the brothers 
^hlagintweit^ for the Alps and Himalayas. Re-afErmatlon of the uni- 

formitanan view^^ by Lyell, Dana and Riitimeyer caused its rival to be 
abandoned. 

The ^ntest is no longer between tectonic forces and erosion, though the 
former have not been without effect,** but between two erosive forces, namelv 
runmng water and moving ice. Opinion ranges from a complete denial of 
ice-erosion, glaciation being equivalent to a relative cessation of valley for¬ 
mation (see p. 2ia) to the belief that U-valleys were wholly excavated by 
&p ^ pwtglacia] stages 

The problem is beset with ^fficulties: they include the efficiency of ice as 

sttcams; the length and dumber of 

It!! when ruiming water operated alone; and the state of 

the prcglacial relief the Icc Age inherited. 

Proofs of glacial erosion. Aside from the faulty argument that vaUcys 
therefore eroded by glaciers^? a 7 d supposed necessily 

drastiSdlTmodified Z 

dLS!d ForjTienjcfials,' features just 

collectively diagnose glacial erosion. 

A glacier like any fluid m motion continues to erode until the cross-section 

dr2S:r“S%tht‘- T bS toThe str 

cir^lar sJupe, Richters hemisphencal groove”, 55 > in which the mean 

Mraul.c depth is greatest.^ The round-bottom V and broadly opTu 

SgS o'; SreromletgtdJ^^^^^ 

of Norway Floods dnrinc *1, ’ '»• ™ Sostre on the coast 

Cd^ooJ helped to form 

down from the trfhutanes. These abrunt aJtemation and trail 

the ice. They were er^tiv ^ unsuited to 

sides in winding valleys as is seen especially on the impact 

Sargans in the Rhine valley ,«i 7 and in t^m^rfy^horirn'lTd®’^"'” “ 

on the aides of spurs and residual « ™ ? 

remove the sinuosities and make a vallev onlv to 

away the salient spurs, obradffig on SeTpTtSliSfS 

stream side, and truncating the snura Intif-■ ovm e ut P ^he down- 

triangular facets. All sta^ m^be Iro^d ffil 

Its reduction to smoothly domed " beehive " fopmaW ®*''''^ran« of a toe, and 

(;*knob.field >') or rochei moutonnt o ffie fl^r '"t 

tho om. ntvinm mo then d.etmv«, o„d .pu,I«”Kl*3o“l:ld™ 
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ments, are created^! By aligning its spur-end facets {Fr.Jaceties d'^perons 
iranquds)^ the valley acquires straight, parallel sid(ss or curves of large radius 
as nodeed early. Occasionally, however, as in Alaska and in the granites 
of the Californian Sierra Nevadas* the spurs remain intact, the valleys are 
V-shaped and still closely foUow the preglacial iviridings. 

The hanging of branch valleys^ the significance of which was first pointed 
out'^^ for the Milford Sound district of New Zealand (1S64) and for the Tatra 
(1885)^ is possibly the supreme witness of the magnitude of glacial erosion 
(cf, below), provided it be remembered that small hanging valleys, perched 
high above the main floors, may have developed from high-set prcglacial 
niches by nivation or avalanching or from glacial difflucncCj and so have no 
direct bearing on this problem.The hanging reflects the lowering in the 
main valley and the relative cession of erosion in the tributaries. The Val di 
Laresj 700 m above the Val di Genova, is probably Europers greatest 
discordance!. 

While tributaries in a river basin normally enter at grade in agreement with 
Playfair^$ Law^^ they sometimes hang if for any reason they have failed 
to keep pace in their downcutting* Instances have been noted in limestone 
and tropical countries,^® as in Columbia River canyons; in youthful faulted 
areas'^ like Colorado, Black Forest, Odenwald^ Jordan Valleys the Rhine near 
St. Gall and the Indus; in areas where the master stream was favoured by 
tiiting^®^ by rejuvenation®^ (during an important but short-hved stage)^ by 
weak structures due to brecciation along shatter bells or outcrops of soft 
rocks,®^ as in New Jersey and Connecticut, the Alps and the Skiddaw Slates 
of the Lake District whose hanging valleys lie in the harder Borrowdale 
Yolcanics, e.g. south-west and south of Buttermere. Hanging was favoured 
too by mek-w^aters issuing from the ice®-\ as along the Ohio and Missouri ^ 
and hy tributaries freezing in winter because they were higher and less 
copious.®^ It also arose if a main stream undercut its meander scar,®^ from 
river capture and diversion,®* and from aggradation of the tributarieSp®^ just 
as the U-form and its truncated spurs resulted in limestone terrain^ or from 
non-glacial agendcs like faulting.®^ 

Although hanging may therefore have developed in a legion of wap, 
showing the need for caution, the occurrences thertL^lvcs are quite ex¬ 
ceptional. It remains one of the most convfndng proofs of glacial erosion; 
the assertion that hanging, together with U-valleys and overdeepening, U 
wanting in the glaciated Caucasus^ is apparently untrue-^^ 

Rock-basins in the floors of U-valleys likewise attest ice-erosion (see p. ^75 ): 
they may be its most decisive proof{cf. above). 

The restriction of the U-valley to glaciated ter^n is also strongly pre¬ 
sumptive. There is none, for example, in the Driftless Area of Wisconsin 
(sec p. zzi), where the valleys are narrow and ramifying, or in the unglaciated 
areas of the south AlpSt including the Oglio v^alley which has accordant 
tributaries,^^ Corroborative are the contrasted shapes of the valleys in the 
North Island (unglaciated) and South Island (glaciated) of New Z^and^; 
the definite undercutting at the edge of some modem glacicra**^; stadial 
moraines in the Alps,^ e.g. the sharper relief within the Gsdmitz moraines 
(see p. 1159); the complete proportion bettveen ice-mass and excavation of 
the valleys i n the southern Alps ; and the cirques occupied during the 
last glacial epoch.^® .... 

Equally suggestive are the deductions of Davis^ who in his physiographic 
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study of north Waira deduced the consequences of glaciation, on the assump¬ 
tion that glaciers do erode, and compared them with obserred facts. His 
^alysis showed tliat they are consistent with great erosive power could this 
be proved. 

Deep borings and seismic soundings in the HintereisfemerlM establish 
that Its bed is trough-shaped and changes abruptly at the sides. The bed is 
lower than Ae ideal prolongation of the flanks of the glacier would suggest 
Ovcrdeepemng Im been revealed by the retreat at the Junction of this gfacier 
FfJr HochjiKhfemer,* 0 l These observations have been verified on the 
Flo^nk^ ZiMertal *^ps,»>- and on the Pasterze, whose cross-section is 

nSS Parbat“t^ \he ice-flow on the Rakhiot Glacier, 

IManga Parbat.™ The ^e form on the Argenti&re Glacier of Mont Blanc 103 
may be inhented from the Glacial period.™ 

The U-vallcy is in a coherent view the analogue not of the river valley but 





water-levels. Glaciated walls bear 

scouranalogous to that on the side of stream ^ ^ ina dowaistream 

Prallstdlen) occur on the outside of hnn ^ 08 Eros ion scars (Ger. 

greatest «d„ miu » 

snowline {In single glacSersl gr fust hH i-k <l*niiniahes from about the 

the Altudi. LmttrAarmSFtatt^Xll^ “ illustrated by 

bed of the Rhfine Glacier {fig, en) hasfn ^ reeentljr abandoned 

tends to become flatter over 'middle *stret^ though this 

thiel^rgl.dc.awharathabwarir.'^'^rptS^J-^^ 
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Wholly ice-eroded ? Tyndall's obser vat ions, made mainly in the vicinity 
of Monte Ros^^ led him to speculate on the excavation of Alpine U-valleys by 
prolonged glacial erosion,^^^ In this he was supported by G. Bischofm and 
afterwards by numerous workers Ln all parts of the worid:,^^- e.g+ Alps, 
Scandinavia^ Greenland and North America, The amount of ** over- 
deepening” (Gern Ubertkfurig; Fr. surcreusemeni) or "underdeepening” 
(Penck introduced the one and Ampfcrer^l"* the other term) that these 
geologists demanded is considerable; it isc, 180 m in VValeSp^^s many hundreds 
of metres in the North American Cordilleras and Alaska^'i^ and 800-1000 m 
in the Altai.*Representative Alpine figures^** are 270 m in the Traunj 
300 m in the Inn and 300^-400 m in the Reuss. 

These estimates were made by reconstruetin'g the preglacial floor 
boden * in one of five waySj all complementary'; (1) by extending the profiles 
of the hanging valleys over the main valley^^O—shorter and younger the 
tributaries, the larger is the error; {2) by lengthening the line of the shoulder 
into the trunk vaUcy or, if only one side exists (as is often the case)^ by con¬ 
tinuing the curve over the axis of the valley—this method i$ less good because 
the altitude of the shoulders is uncertain and may vary by 2j m ( 3 ) 
prolonging the Trogplatte and the floors above the steps,a reconstruction 
which gives an extremely wide floorl^^ and a more gentle fall than in the 
modem valley (4) by continuing the curv^e of the spurs * 26 ^ at (5) by 
drawing curves tangentid to the rock-barrier. 

The discordance of the tributaries varies in one and the same main valley 
and generally increases towards its mouth. Extreme glacialiats correlate this 
with the size of the tributarv^ glaciers, the discordance being inversely propor¬ 
tional to their dimensions^ i.e. small valleys enter over high, large valleys over 
low steps.If the confluent glaciers are equal, the floors are at grade— 
even these may have steps due to confluences^®—-and if, as occasionally 
happenedj^^i e,g^ in the Durance valley, Pustertal and Hohe Tauem, the 
glacier in the main valley was smaller than that in the tributary^^ the main 
valley hang^. Coefficients for determining the size of a valley and its 
glacier are admittedly diflicult to obtain, while departures from Penck^s law 
are ascribed to rock texture and structure and to currents in the main glacier. 

The shoulders are on this hypothesis variously explained. Ice, it is 
averred, works differently above the shoulders and in the trough^ namely sur- 
facewise over the one and vertically in the other with a maximum along the 
axis where the icc was deepest But this is erroneous since a glacier^'s cross- 
section expands uninterruptedly from the edge to the centr^ line and Us 
erosion should likewise grow steadily and gradually. A glacier does not pos¬ 
sess a critical depth of erosion^^^ as was imagined by A. Cozzaglio (1895) who, 
among the first to express the view' that ice overdeepened the Alpine valieys,^-^’* 
attributed the sudden overdeepening at the shoulder to the critical depth, 
namely 400 m, at which by basal pressure-melting erosion suddenly set in. 
Philippi ^5 ascribed the downcutting of the trough to its ow'n glacier and the 
lowering of the shoulder to ice {Ftankeneis) issuing from the lateral cirques. 
The cur^'es above the trough may have been lowered 30-40 Others 

suppose the trough was initiated during the first gbeiation and accentuated 
during the succeeding glaciationsand was occupied, either early glacially 
or lateglacially^^^ or during the several glaciations,^*^ up to the top of the 
walls only* But it has been repeatedly observed, e.g, in the Adamello 
group, that the ice rose above the limits of the trough, which in the Alps^**^ 
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was closely connected with maximum gladatiott. An ice-sheet may equally 
vrell erode U-\'allej'^ since along such lines its depth and flow tsould be 
greater 

This explanation is not reeondtable with the Tabchluss. The abrupt 
descent from the shoulders over the lateraJ scarp has its counterpartj, as men¬ 
tioned already, in that from the Trogptiiite over the lahchluss. This feature, 
so intimately bound up with the U-valIey*s origin^ is a complete enigma on this 
version of the ice-erosion theory which regards the Tahthltiss as a confluence 
that aro$e where glaciers from a cluster of converging cirques 
heightened the erosion. But there is often no convergence^"*^ nor any terrace 
flanking the trunk ^'alley below the confluence. While low steps may have 
so originatcdj^i'^ the Tahchlms, as is now perhaps generally recognised^ had 
a rejuvenated valley head as its preglacial precursor (see p. 328). 

Multipte«trough hypothesis* Riitimeycr^^^ observed rock-tcrraces in 
x-Mpine valleys which he referred to separate glacial epochs but others 
related to separate base-lines. Subsequentlyj, Bruckner thought he could 
trace an interglacial (Mindel-Riss) floor in the Alps, e.g. in the ReusSp Arve^ 
Rhone and Linth, besides a preglacial floor and one 300 m low^r* lie noticed 
further that hanging valleys were often double. While Penckj^^ who found 
a like arrangement in the Italian Alps, correlated the floors with the Pliocene 
and preglacial, other geolc^ts^^^ have accepted Briickner^s interpretation: 
as many as three interglacial floors have been recognised In Svsiteerland.^^^ 
"1 he alp and the trough have been referred to tw^o cycles of glacial erosion 
separated by air interglacial period. 

Ile^p^^ developing Brtickner^s view to its extreme conclusion^ dis¬ 
tinguished four floors, approximately equally spaced and belonging to the four 
Alpine glaciations. He maintained that the snowline rose 200 m at each 
glaciation ^ the preglacial surface lay at the Schiiffgreit:^e^ as Richter early sug¬ 
gested but Penck 153 denied; the glaciers, though 300-500 m thick during 
each glaciation^ became progressively narrow'cr; the U-valley"s cross-section 
was composed of intepecting curves, concave upwards, each scallop steeper 
than the one above it; the benches corresponded with the curves of the 
hanging valleys which arc similarly composite and discontinuous; the repeated 
shoulders and stc^ in the tributaries belonged to as many, usually four, 
recurrences of glacial epochs; the rivers in the mild interglacial epochs cut 
\ -shaped gorges (gorges de taccfjrdemefit} into the broad glaciated floors and 
the succeeding glaciations deepened them and rounded their edges^ thereby 
facilitating overdcel^ning (Fr. embSifements des auges); and that the lower 
scallops date from the postglacial stages. 

extended his studies of profiles from the Octztal into the Rhine valley 
and Its tnbutanes, into the Zillertal Alps, upper and lower Engadine, Norwav 
and the Caucasus. II15 view of the origin of the multiple benched profile (Fn 
SpauUmeiiis mulupk^) has been widely adopted ,156 for example for the 
Alps ,157 east Carpathians,i 5 B Caucasus, 15 & Pamirs,!Turkestan Altai 
IIimaJayas,ie^ North .America,Greenkndl^^ ^nd east .AfriE^ ^^ Each 
trough has sometimes its moraine and Sctiliffgrenze^^'^ - gorges below the 
hanging valley's, as m the AdameUo group.show a sequence of stages 
corresponding to the interglacial eiK>chs and postglacial stages; and, the 
loAvcnng, calculated frorn the depth of the vallevs and the lengths of the 
g acial epochs agrees with the present rate of'erosion by the Tyrolese 
glaciers-the downward erosion by the Gum: glaciation was 200 and 
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by the Wiirm glaciation 300 F* Machatschek^^l gave the maximum 

vaJues for each glacial epoch as c. 100 m and stated that in the Rhine \'allcy 
near Chur the total lowering was 1000 m^ of which 600 m was interglaci^ 
and c. 400 m the result of the four glaciations. 

The weakening of the forces or, alternadvely+ the greater smoothness and 
diminished friction presented to the ice were responsible for the successive 
narrowing of the troughs.^^^ 

Although the c>^clical hypothesis is perhaps but a logical development of the 
glacial theory applied to U-vaUeys^l^^ advocates of the latter strongly oppose 
this explanation of the " U-in-Uform.*^’^'* For mstance, the statements or 
implications that the Alpine glaciers of the last glaciation were unable to 
reach the Alpine foreland, that thdr cross-section (according to 
diagrams) were only one-fifth of those of the firstp or that the surface of the 
ice sank at each stage by about 500 all contradict well-known geological 
observations. Even the highest benches often have fresh striated surfaces, 
moraines and perched blocks. But it is mainly objected that the reconstruc¬ 
tions arc uncertain and illusory; tlmt the various tmugfis are not discoverable 
except by doing violence to the evidence or by ignoring rock-structures; that 
some terraces are due to lateral moraines, e.g, in the Tasman Valley of New 
Zealand, to sapping at the ** black-white boundary" or by bench-ice 
above the main glacier(as in the ca^ of the upper Alelsch Glacier to-day)^ 
to structures and rock-junctions^*^^ e.g. in the basalts of the Faeroe Islands 
and west Grcenlandj in the limestone Alps of the Bernese Oberland^ including 
those about Lauierbrunncn, to terrassing by lateral melt-water streams 
(see p. 33o)p or to undercutting by a lateral glacier pressing against the flank 
of a trunk glacier, To unite these ill-definedj irregular and discontinuous 
fragments or “vicinal surfaces** into continuous terraces is unjustified,^®^ 
especially when this is done under the influence of a prevailing theorjL 
Salomon further objected that the ice, as during the VVOrm glaciation in 
the Adamdlo group, fiUed the valleys to above the shoulders, and that the 
terraces give mote glacial epochs than can be accepted on other grounds and, 
being made by differential w^-athering, arc unacceptable as old trough floors, 
especially in the western Alps whose inclined beds, resulting from overfoldingp 
have enhanced the difficulties. It is denied that the earlier benches have 
persisted in such recognisable form or that the .Alps have four troughs (the 
Adamello group, Niedere Tauem, Norway and j^ltai have yielded only one^^^). 
It is also affirmed that the Alpine valleys had attained a low level during 
Mindel-Riss time (see below) and that the relative homogeneity of structure 
explains the rarity of these features in Scandinavia. 

Lucema^^^^ from obsen^ations on the Mont Blanc region, Hohe Tatra, 
Liptau Alp% Karawanken and Corsicas concluded that the troughs belonged 
not to successive glaciations but to postglacial stages. This reductio ad 
absurdum of Hess's hypothesis, which denies any erosion to the main glacia¬ 
tions themselves, requires no particular refutation though others had antici¬ 
pated his conclusions®^; the evidence against it is ovenvhelming. 

Essentially preglacial. We must reject the hypothesis that ice entirely 
erodes U-valleys for reasons already mentioned as well as for others now to 
be considered. Chief among these is the fact that U-valleys coincide with 
depressions excavated by preglacial streams whose courses were guided by 
the regional trend and inclination of the land and by the direction of 
Q.E. I 
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joint-systems^ trough-folds or important strike or tectoiiic lines.Boniiey 
imagined they were cut by several parallel streams and resembled straightened- 
out cirques (see p. 295). 

I'hat glacial overdeepeniog, apart from rock-basins, Yvas merely an episode 
in the total history of denudatiofl and may have been small compared with 
the lowering rivers accomplished is most convincingly demonstrated- Many 
valleys have roughly their preglacial depths; the Sv^iss Plain and Austrian 
foreland are essentially of Pliocene and pre-Deckenschotter age; Pliocene beds 
are found at the foot of the Italian AJps (see p, 278); preglacial lava-flows 
reach the priisenl valley floors in the Caucasus ; and some Alpine, 1*) renean 
and Altai valleys were as deep or even deeper during the great interglacial/* 
or “ great erosionepoch —the fills the furrows in the Swiss 

valleys. It b borne out by the interglacial breccias on their sides,e^g, the 
Hotting Breccia (sec p. 935); by river and lake lerraces/^^ as in the Isar and 
Inn; by ice-moulded clefts made by streams in the lateral wallsor bottoms 
of troughs^^- and by rdics of prcglacially weathefed rock^ occasionally dis¬ 
covered in these positionsj^^ as in Skye and Colorado. Hanging end- 
moraines occur in deep lateral gorges in the Inn valley,Modifications 
made by earlier glaciations account for the small erosion during the last 
glaciation. 

Equally strong proof is furnished by the presence of unglaciated V- and 
glaciated U-valleys side by side or in adjacent areas, as in the eastern AlpSK^®^®^ 
and by the repeated occurrence of an unaltered V-shaped river valleVp which 
escaped glaciation> down&tream from an U-shaped portion and the glacial 
limit fixed by outermost moraines. 'This has been observ^ed in almost all 
glaciated kinds, including Europe(Alps, Black ForestT Pyrenees 1 Apen¬ 
nines, Iberian Peninsula^ Auvergne), Asia^^ (Caucasus,i Himalayas), 
Ajnericar^^ Africa and New Zealand U-valleys in jointed granites, 
hmestones, sandstones and conglomerates are found in Spain, Sicily and 
Greere only where Pleistocene glaciers existed.^o+ 

This profound contrast in transverse profiles is associated with other differ¬ 
ences. Above, the spurs are truncated and the tributaries discordant; belowp 
the sp urs are intact and overlap and the tributaries enter at grade. Together, 
they show that the valleys, as in the case of the Drau, Mur and EnnSt or those 
of the Sierra Nevadas, were virtually deep as now lUfore glaciation set 
ike change, oct^ionally noticedwhere a glacier ascended a V-shaped 
valley js additional vindication. 


Spur truncatiori p^supposes pre-existing vailevs since without spurs it is 
of cou^ meonceivable Some Y^leys lay athwart the ioe^flow^^S or if 
pai^lel opened icewards^ (see below). The drift beyond the mouths is 
msigmhcant in comparison with the troughs,^^t> 

The view ^at the bigger Alpine valleys are now roughly as deep as before 
their glaciation is old ^ the writings of Charpentier and other early 
glacialists. Ramsay211 behe^^^ ice had only moulded and sUghdy 

deepened them a^^liefppressed more recently for the Alps^i^ and for most 
pam of the world^l 3 ^^tral .Asia, Artan, Tauem, west Carpathians, 

^t Py rene^ Ap^niunt^, Vosges Lapknd, Kola Peitinsub. Labrador, Sierra 
Nevadas of Califorma, Andes and Kerguelenh 

There was little or no modificadon if the ice, no matter what its depth, 
flowed along broad, low, mature valle)^, as on the Tibetan plateau if it 
could not escape freely, as in the Howgill FelU and Blair Athol area of Great 
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Britain (sec p. 217) or the longitudfnaJ valleys of the Alps, 215 or if the valley 
gradient is steep,21*® e.g. in the Rhone valley below Gletsch, in Stadardalnr iti 
Iceland and tn places in north Wales, the Lake District and Scottish High¬ 
lands—the valley then remains V-shaped. This was also true of valleys, 
main or tributary', which were transverse to the ice-flow'. 2 i 7 Four classes may 
be distinguished2IS; (a) shallow valleys, with gentle slopes, glaciated by ice 
moving into and out of them and insufficiently rigid to span them—they are 
unilaterally widened, the impact side being abraded and having its angle 
lo%vered to a more or less uniform slope, the lec face suffering from plucking 
and depending for its configuration upon the nature of the rock; (£') steep and 
narrow, typic^ly ffuviatile valley's probably occupied by stagnant ice which 
was overridden along a thrust plane according to the width of the valley and 
the depth and velocity of the overriding ice (cf. p, ayj)—it fixed the low'er 
erosional limit and made the valleys liable to be receptacles of drift (with a 
certain depth the thrust plane just touched the floor) w'hich as in Feebleshlrc 
and Selkirkshire was deposited in the lee of slopes.*!®; (f) valleys occupied 
by ice moving athwart the flow on the plateau above (see p. 273} and modified 
if the ice bore with sufficient pressure; and (<f) valleys in w'hich movement 
was neither transverse nor par^lel but oblique. 

In the first two cases, the valleys are little altered; striae are extremely 
rare and, like the bigger boulders of the ground-moraine, are disposed at 
random *20 (the latter is sometimes bedded obliquely down the valley sides221), 
while deeply decayed rock and preglacial deposits lie undisturbed ,222 as 
the Adirondacks, Yukon region and the preglacial gold-bearing gravels of 
British Columbia. Tributary' gorges, as in the Yosemke Vallcy,22J remain 
unmodified and spurs and sinuous forms persist,**"* as in lower Glencroe 
(Scotland), the tributaries of the Aare, and some valleys in Labrador, Valleys 
with varying trends like the Tweed *25 naturally assume different forms in 
various parts. I'he contrast between the fjords and U-valleys of Norway 
and tltc %’alley's of east Norway that still retain much of their fluviatile 
character has been attributed to different relationships to ice-flow. 22* 

The ice was disinclined, as early noted,*** to move along valley’s which 
faced it; it was, indeed, apt to sta^ate in them,*** as in the Glens of Antrim, 
in parts of the eastern Alps and in the Finger Lakes region (see p. 283)* 
that they kept their fluviatile characters. Erosion was also at a minimum 
where, as in the Swiss Alps,**® g tributary' impeded a major glacier or the 
main glacier dammed up its tributary glacier', or where, as in the Usk and 
certain other valleys of South Wales,* W the valleys lay between the main 


glacier routes. 

Glacial widening. It is implicit in the foregoing that basal sapping and 
lateral w-idening modelled the preglacial valley's which sloped and trended 
parallel with the flow,2Jl They straightened the v'allcys by grinding away 
the ends of tlie spurs and cutting triangular facets. They formed betrunked 
hanging valley's by undercutting the base of the V in the main valley and dis¬ 
placing the intersection of the trunk and tribu tary, especially if this wk steep. 
Oromqtric studies in the Tatra show that the degree of modifiwtiori into 
troughs corresponds with the glaciation’s intensity,*52 ;wd observations in the 
relatively simple valleys of the Vqages give the widening as three times the 

deepening.**^* ... . 

I'he lateral erosion (Richter’s Unferichueiduttg,^^ Penck’s Vntergrabui^^ii) 
accorded with the valley ’sshapeandthe arrangement of the glacier confluents, 
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It made the sides concave by ptessing upon their lower pans“^^-^a compari¬ 
son of the flaring U with the V form affords a measure of its action* Only 
when the V was largely transformed into the U did the lateral pressure lessen 
appreciably and the ice bear directly upon the floor ^nd grind out rock- 
the erosive intensity var>-ing with the square (Hess) or the cube (de 
Martofuie) of the depth of the ire.^JS The U-forniing erosion was stronUr 
in flat vaHe>'s where the flow was slowed down than in steeper valleys .239 
But overwidening without some overdeepening cannot explain all the 
tea^res, especially when the tri butanes were not steep.^w Many glacial ists 24 i 
insist on the importance of vertical as distinct from horizontal erosion. Con^ 
^uous trough walls which mn below the level of the high-perched hanrinE 
tributanes and the gable-ends of the truncated spurs certainly vouch for over- 
deepening as well as widening. Advocates of overwidening are compelled to 
admit the erosion of the rock-basins and considerable deepening. This has 
been estimated at 400-500 m 242 at c. 200 m or one-scv'cnth of the total 
depth in some Bavarian valleys .243 a figure of aooo ft (c. 600 m) has been 
given for certain valleys m Alaska and British Columbia.2« To the depth 
^^7,4 “"^.positively ice-eroded {sec ch. XII}, \a& to be 

ildS Earners below the normal "profile of equilibrium " 

tlil die assesMd, though it is dear, as Wallace has shown. 

mati- Ipv^I rtf tk ^ not the late bQttom represents the approxi- 

mate level of the preglacial viilley. Kiegels or barriers (see p. afifl) on the 

^ preglacid constrictions, on the theoiy of 

vertical erosion to greater resistance. ^ 

point of departure in considering tWs 

into wWch the example, was the initial surface 

t?nn Pleistocene were incised ? If this quea- 

w pp'm&xr“Sis 

of ^ Alpine valleys already existed at the beginning 

ice inhcrited^WjXwIntp^nck'^M^^^ 

was mature 24 S and had rounded w<itcrSr j inner topography 

the S«i» ttlUe^aScS .lief "'■i''’ e*'-' 

|«em of tho Seckl«:hott , *»;?’ 

height of the tributaries which lie on ih^ ' tin; valley troughs and the 

foreland. The sole of the Older rif^h ^ * '^^ard continuation from the 

Rhino, Lhtth nnTRlu» g° 1 " *" ' 1 ^ 

The alpine region during the OliEOcene Ld T^l 

the lower part of the Upper Bavarian Mjoecne had a low relief; 

sandstones and clavs of Oligoccne and Lower 
foreland and cast 

foot of the southern Alps are also fine-Sured scdimwits at the 

had a subdued relief^^: it 

Of .he Alp.); ^pIS L h<fri 
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Penck^s view ignores the possibility of a post Sarmatic (Upper Miocene) 
peneplain in the Swiss and Alpine foreland and high relief in the Alps them¬ 
selves* It fails to take into sufficient account the strong Apinc uplift in the 
late-^Tertiaiy to which the enormous thickness of upper Pliocene bordering 
the range on the north, south and cast tcstihes. This uplift produced frost 
at high leveb^^ and steepened the floors and flanks of the valleys by rejuvena¬ 
tion. This is shown by the coarseness of the Nagelfluh in the Swiss Molasse, 
of the Upper Freshwater Molasse in Upper Bavaria, \"enn basin and Tauem. 
and of the upper Pliocene schotter^^ and (extending the range) by the sheets 
of coarse detritus at the foot of the south Carpathians^^—the highest fluvio- 
glacial schottcr in the Alpine fqrcland are found in valleys and not on 
plateaux.The Bighorn Mountains, Cascade Range and Sierra Mevadas 
of North America, and the Himalayas, all of which display similar glacial 
features, were also raiised in late-Phocene (see ch. XXIX). In the 

Alps the upheaval continued into the Pleistocene period(see p, 1326), and 
the changing compositions of its various schotter show that lower and lower 
rocks were undergoing erosion with the passage of The preglaeia] 

downcutting has been computed at 700-800 and the late-Phocene and 
Pleistocene uplifts in the central Alpine s:one at 3600 m and more, 2 S 9 the 
amount lessening towards the margin. 

Tertiar)' levels arc extremely high in tlic Some are extensive and 

flat, others are small, terrace-like ridges or remnants on the mountain crests. 
Riitimeyer^l early recognised a succession of such levels. The accordance 
of the summits has long been known, particularly in tlie east w'here it is 
1200-1400 m above the early Pleistocene floors.^*^ It has been noted too 
in other mountains, including the Caucasus, Pyrenees, Californian Sierra 
Nevadas, Canadian Selkirks and Coast Range, Alaska, Greenland, Tienshan 
and central Asia. 

This Cipfeljfur^^^^ which is most striking when the position of the erosion 
basis and die Lithological and structural build of the mountains are most 
regular and constant, is ascribed to planation by frostor interpreted a$ the 
upper denudation level above w'hich mountains cannot grow.^^ Some 
believe it results from forces now at work ^^ while others, who think there is 
no upper limit of denudation, deny thJs.^*^ Others again deem it to be an 
ancient surface^® or combine this with an upper denudatton level. 

The Apine Gipfelflur^ which according to some is tectonic ^™ and cIoMly 
related to the lithology, is in Heim's opinionunconnected with geologic^ 
structure, except locally. It has been inherited from Ho^hfalt forms by an 
interaction of denudation and isostasy, being related to erosion-basis, valley 
density and the angle of valley sides. Mountains of a structural height of 
50,000 m have, he thinks, been reduced to a plain during and since the uplift. 
Other morphologists agree that it is independent of rock-structure but regard 
it as a planation surface. 

The Gipfelfiur is now known to be composite,^^^ the sum of several mor¬ 
phological surfaces {Niv^wx; of various ages. 

These elements, w hich have been influenced only subordinately by aekctivT: 
erosion, 27 ^ have been low ered into each other as a Cipfeljiitrtreppe ; the highest 
Flur of all, Richtcr*s real (eckte) Gip/elflur, is itself possibly only a remnant 
cut out of a yet older surface: in Tyr^l vertical distance between the 

Gipfelfittr and the middle Tertiary (Miocene)^ surface, the oldest surface still 
widely prtserv^ed throughout the Aps, varies between lOO m (Kitzbuhl 
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Alps) and 1100 m (Oetsrtal Alps). Each surface with its outliers (Rest- 
berge) projects from the lower plane and falls outwards from the central 
Alps to north and south, being traceable throughout the Alps from east to 
west. 

Creutzberg’s (Lautcnsach's Bcdr^itoialbodeft, Petanetto 

Tereace of Tessin region and SirnmeriJIuhnivem of the Bernese Oberland^^S) 
which lies below the summit level and the middle Tertiary surface and the 
steep-sided ridges,is a wide landscape to which unequal uplifts have im¬ 
parted quite substantial differences of Icvel^^; in places in the Alps, it 
appears to be two surfaces.In the central Atps^ it often carries fimfieldst 
whence its name (other levels also have fimfields^®^), as was recognised by 
Richler^^^ who erroneously ascribed it to nivation (sec p. 307). Occurring 
at about 2000 m, it is u'cll seen in the east^ north and central Alps^ and may 
have a representative in the Swiss Alps.^^^ Its date is generally accepted as 
early Miocene(it has been placed in the Ponticor extended backw^ards 
into the Oligocene^s^B) since beds of this age rest upon it near Gratz and fresh¬ 
water beds with conglomerates, plants and coal seams of lower Miocene age 
occur at the eastern part of the south Alps and in the southern Limestone 
Alps* as in the Klagenfurt basin and Levant, Miirz and £nns valleys, lliere 
is no longer any trace of the lower Miocene terrace in the eastern .Alps^®^ 
(see below) where the o-ldest surface is middle Miocene. In the higher and 
more dissected western Alps it i$ above the highest sum mils, 

After making the l^trnfeldniv£ati^ the destructive processes never again 
established flat surfaces of any appreciable Avidth,^^ though an occasional 
loAver level has been distinguished^^ such as Creutzberg's Hoehtalboden 
(Lautensach^s Sobrim^Iboden^^) whose age is variously regarded as upper 
Miocene^ (Pontic)* upper Plioceneor interglacialbut may be loAver 
PlioceneRemnants of earlier and higher surfaces are preserv^ed as valley 
floors, low graded valley sides or mountain ridges they add to 

the confusion of levels. A final pneglacial surface beneath the Deckenschotter 
IS also often recognised.^ 

Beck ^ recognised four levels in the Bernese Oberland and styled them 
(1500 m)p BmgJIurmveau (1000 m)* Kircbetniveati (700 m) 
an ntiterfingmmveati (600 m)s the first tw^o proceeded the Deekenschotter 
glaciations and marine Pliocene on the southern margin of the -Alps. 

. . me ^tern Alps* where much reoent work has reconstructed the pre- 
glacial relief and where the waves in the Gipfi!Jiur are less pronounced and 
the remnants of the older surfaces consequently better presen ed, the sue- 
^ivc levels have been deemed to be peneplains 301 formed in times of 
txmmc rffit and uplifted at dates not yet definitely ascertained. Schwinner^O^ 

(lower Miocene, Pontic, lower Quaternary 
Md Wum). Machatschek 303 reco^iscd a highest surface of early l^ertiarv 
age ^d later ones of lower and mddle Miocene, upper Miocene, late-TertiarS^ 
and preglacial age Rmaldin^ held rimiUr vdews. The majority put the 
^the lower Miocene though some have thought noLrface 

preserved .^^5 Others 

f'! rrt t f 1 floors but as 

tangents of the highest levels gf the old surfaces ^ ^ 

Winkler,followed in general by E. Secfeldner ,308 thought the deter- 
mining factor was the shiftin| of the basis of erosion by eustf tic transgres¬ 
sions (of lower Miocene and lower Pliocene age) which were periods of 
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phnation vArh periods of regression and rejuvenation (upper Oligocene^ 
base of Miocene and base of Pliocene). 

The levels of the various regions differ considerably in height as seen in 
R. Brinkmann's map of the GipfelJluT^ or v. Klcbelsberg's figures for 
TyroL^^^^ The difference ha$ been attributed to selective erosionto 
original differences in the mountain building levels i to folding or Gross- 
or uplift as a whole^^'^; to varying distances from the erosion bases 
of the Alpine margin or large vaJleys^^®; or to the shifting bases of erosion or 
eustatic trangressions and regressions.^^* There is however no agreement 
upon the number pf levels. 

Thus the e^cisting relief appears to have been created by young crustal 
movements. They succeeded the principal folding and had a preponderating 
vertical component, due cither to block faulting, as in the central Alps (where 
faults with throws of several thousands of metres occur), or to geanticlinal 
warping (Gmsfaltung)^ accompanied by transverse and longitudinal 
flexurx's.^l'^ In the central Alps, the Gipfetjltir is 800 m higher than on the 
southern margin of the Limestone Alps.^*“ It rises in the Zillcrtal to 3500 m 
and in the Oetztal Alps to 3700 m but sinks to below 2500 m in the Inn 
valley.^^® The association of profound glacial modification with such up¬ 
lifted regions and rapid ice-flow and the milder effects noticeable where the 
Gipfelflur sagged, explain quite naturally why glacialists who have studied 
one Alpine region are glacial erosionists and their colleagues in others defend 
a glacier's incapacity to erode.^^“ 

A young Pliocene doming of the south Alps was shown by Penck. Bruckner 
and Stefani, and for the eastern Alps by Winkler 3 ^^ w hile numerous writers 
have stressed the importance of late ^ctonlc movements.Thb Gross- 
faltwsg (undation)t which ivas steeper towards the margin and may be isostatic 
following denudation,^^ is supported by N. Krebs. F. Leyden and F. 
Machatschek. It is confirmed by the isogams and distribution of gravity 
and by the distribution of ore-deposits.^^ It was thought by Penck to 
have been continuous but by others discontinuous.^^ l^he GipfelJIur may 
have been lifted 1800*2000 

As noticed already, opinions differ as to tht number of movements that 
have ele\'ated the Alps ■ three*^^ four 329 or five^^o rejuvenated phases have 
been recognised. The discrepanciest due partly to the entry^ of subordinate 
stages, will only be eliminated by careful mapping on lines already initiated.^^-l 
Great care has to be exercised in combining the isolated remnants into 
systems ^32 and in unravelling the complications introduced by glaciation and 
by tectonic causes, including continued undation, that have deformed the 
surfaces ,^33 Uniformity is perhaps, in any case* not to be expected in a 
structural sj-stem so complicated as the Alps. 

In fine, the present drainage lines of the Alps are inherited from T eniary 
ones at higher levelsi They coincide with dowTiwarps of the Gipftifiur which 
has swells and sags superimposed transversely and longitudinally upon the 
main doming.^^ The rejuvenated rivers have eaten back into the mount^ns 
in a series of cur\'es dissecting earlier features because of successive uplifts 
tvhich resulted from a steep, marginal flexuring (see p* 1326). Confirmation 
is provided bv the youthful stage of the earth-movements, as in the AIps, 3 ^s 
and by the absence of U-valleys and lianging tributaries in regions like 
Tibet ^36 Qf parts of the Caucasus^37 which were untouched by preglacial 
uplift and dissection in accord with D. W* Johnson^s general statement .^38 
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Such a ^quencc of uplifts and erosion cycles has been discovered in the 
Isoiizo regionand in the Carpathians^ which, compared witli tlie Alps, 
have better preser^-cd the impress of the phases of maturity and ha\T been 
JeM touched by ice-erosioiiH^l The relief tvas immature not only in the 
^ps-^2 but in the Pyrenees (Ohgocene, Miocene and Pliocene)^^ Hohe 
lauernp Hohe Tatra^^^^ Apennines,^ PyreneeSj^^ British Isles^^ 
Nonvay^® and North America.The Alpine rejuvenation ia certain: the 
Alps are too high to have had graded rivers throughout ^ the valleys grade on 
the north with their relatively low peneplain of central Switicrland^ on. the 
south with the Sfnkxmgsf^Id of Lombardy; the preglacial schotter occupies a 
low position at the embouchures on the south and east; the U-vaJleys, as in 
the Limestone Alps^^ 5 1 pass downstream into rejuvenated valleys (see p. 322) 
w hich notch the shoulders of the high-level surfacesp while typical hanging 
valleys occur in glaciated regions like the Maritime Alps and glaciated and 
ung aciated valleys differ little in depthas in the Limestone Alps and 
eastern * ps generally. Had the Alpine valleys not been rejuvenatedp it 
would be neccss^^ to assume with Hess that their floors lay ver\' high and 
fell abruptly at the Alpine fknks. v j & 

^ rejuvenations. Steps mark the confluence of valleySt either in 
^ Tabdduss. Crowned often by rock-barrierSp 

^ vital hnk in proving rejuvenation. Thoroughgoing glacial 

? ^ociatcd thein with a sudden increase in the vertical erosion 
a e point o confluence* either of glaciers or of fim masses, w'hence the 
S Jhia is proved by soundings in the Concordia- 

tKat ^ AJetsch Glacier (sec p. 37) and harmonises with the law 
Slim o the cross-sect ions of tivo streams is more than the crosS” 
^ction of the confluent srream.354 Nevcitheless, steps arc absent from manv 

ZilJcrtal and Inntal, Molltd and 
^there was no confluences^® or outside 
u ^ ^^selective” or -resistance^ stepSp 35 « 

invariable distant structures(the associationp how^ever, h not 
the ininh'no X 2 ^ faults, or by variations in the pattern or strength of 

whM stAlftao,™ in !SliS?ydS!'‘' " 

steps were created by ice^fiJand were not inherited 
Solehthat rhn g^logists^ share the opinion of de Martanne and 

the stew nn l^^ptudinal profiles were discontinuous and that 

W'cre not'iisuaTTu and sometimes originated by confluence, 

jl/r7Hrfuj*F«#uf™ Ji- ' they arc Ta/ipett/w/eii, 

i> mffi'wed ky ““ 

fluence of the mai up the tnbutarics decreases the higher the con- 

developed in va]]ev« that tv- y^lcys^to. ^njj arc equally well 

little glaciation372 (Andes)^ suffered 

inability to account for thii « aa recognised the glacial theory’s 

tan and Karakoram north Caucasus, west Turkes- 

ana ivarakoram Moiintams, have neither steps nor hanging vallej^.i7^ 
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Ice exaggerates any inequality^ in its by causing frost actiondue 

to varying pressure (sec p. 301); by plucking from the face of the rise^^ (this 
squares off the upper part and differentiates it from the typical cirque back]; 
by special weighting as it pushes forward over the brink and before it breaks 
off and drops down^^®* and by basal sapping in transverse crevasses where 
these, at the coming and going of glaciers, extended to a rock which had no 
protective drift and w^as subject to oscillations about freezing point, con¬ 
ditions not unlike those at the bottom of the bergsehrund (see p. 299)— 
ass^iatcd the TrogscMuss with the bergsehrund, Nivation at the 
risers acted at the advent of each glaciation 

While the ice flattens the treads or even hollows out rock-basins (the oon- 
tention 3^2 tJiat it cajuiot excavate these on a uniform incline conflicts with the 
viewthat they arise from variations in a valley's width and the entrance of 
tributary glaciers) it heightens the rise by its recession; in this way, stops 
resemble huge roches moutonnieSp^®‘* and every gradation may be found 
between small roches moutonnees to steps which occupy the tvhole width of 
a valley floor, De Martonne (sec p. 269) affirmed that erosion increased 
with the gradient up to a certain limits placed by RusselP®^ at about 30'’. 
Beyond this it abated since the pressure is proportional to the cosine of the 
declivity and the ice comes le$s intimately in contact with its bed. This may 
be true for abrasion but plucking is favoured in just those positions of ex¬ 
cessive gradient (see p. 1151). Plucking also vitiates the deduction^®^ that 
erosion diminishes as the slope increases. 

That preglacial rejuvenation reacted in this way is denied, mainly by 
American gcologists.^®^ Uplift ^ they assertp induces only minor gorges; 
discordance is ephemeral, is present only during early youth and is incom¬ 
patible with the breadth of a ty^pical U-valley and its steps; the youthful age 
may be elided if uplift is slow, and there may be no marked discordance even 
if the uplift is rapid, unless pronounced tilting accompanies it and greatly 
accelerates the trunk stream, leaving branches unaffected; the tributaries 
were entrenched as gorges in the lateral scarps; the rejuvenated valleys were 
probably so narrow that the conversion of a V into a U involved much excava¬ 
tion, and if wide and deep tlie walls \vould have been broken down simul¬ 
taneously; and a revival of normal erosion In all mountains shortly before 
their glaciation is veiy unlikely. 

These objections notwithstanding, it seems that U-valleys were river 
valleys preglacially rejuvenated* Their features prove this inheritance: the 
bench represents the topographic shoulder, the steps the limits of the 
various rejuvenations and the Tro^plattc the upper pan of an older floor. 
Glacial widening and overdeepening modified the valleys more or less 
severely—in the mature or senile stage of broad valleys there would be only 
moderate opportunities for marked local increase of ice-velocity so that the 
profiles, even after glaciatioOp would still be largely at grade 3 ®^ (see p* 3^8 )p 

I’heru remains, as in the case of the cirques and rock-basins, some uncer- 
tainty as to the precise w'ay in which this was done. The ice remodelled and 
fashioned the U-form by rbing at its margin (see p. 103) and by under¬ 
cutting, as Richter maintained and as observ^ations on modem glaciers 
suggest (see p. 318), at the abnipts di analogous w ith the under¬ 

cutting by streams on the outer sides of cur^'cs. The dome shape caused the 
ICC to press down on the sides rather tlian on the floors (sec p. 324). ^ Frost 
sapped the walls along the black-wfiite frontierin conditions similar tu 
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those at the cirque wall (except in the direction of motion), its action being 
helped by block movement (see p. 118)p by marginal crevasses, by abrassive 
material supplied from the overhanging walls (which on account of the 
thinness and rigidity of the ice was firmly frozen into the fee), by seepage from 
the sides^®*^ and by marginal melt-waterslike those now active on the 
glaciers of Zemmgrund (Oetztal) and Argenti^re.-^^^ Sapping, however^ was 
probably less than plucking, especially if the walls were jointedp^ the ice was 
thin, and fragments were able to penetrate through crevasses to the baac^^; 
for crevasses seldom reach this (see p. 3*^) ^ Johnson"*^ himaelf recognised. 
Pregtacial or interglacial landslipping may have facilitated widening. It has 
been stated that glaciers which progress by block-movement (see p. 118) 
erode more intensely than those which have a continuous flow (see p. a 15)* and 
that consequently the troughs arc mostly due to iee-erosion during the early 
stages of glaciation,'*^* Above the ice itself, nivation and sand- and snow- 
blast were active (see p, 302). 

step-development by accentuating, through sapping, the 
initial breaks of slope causes the steps to retreat upstream a$ long as sapping 
is active. As a corollary of this theory, G, Taylor,forced by the necessity 
of dissecring ^ upland by glacial action alone working on an initial landscape 
of tectonic origin without a previous history of normal erosion, advanced the 
view (already su^ested for some hanging valleys'*®^) that cirques by head- 
ward gl^ial erosion excavated U-valleys—some hanging valley^s in the Alps 
signmcantly present only on slopes facing north or cast*^^ This action 
howeyccj was quite inadequate, unless possibly the floor was til ted or 

plucking brought about the transformation-^^ The Antarctic valleys in 
question were more probably formed tectonically 

emphasising that a glacier bed carries %vater as well as ice, 
stress the power of subglacial streams operating conjointly with the ice and 
being repeatedly deviated by it. Although V-shaped trenches in old glacier- 
beds, like those w^hich notch rock-barriers or that retreating modeni glaciers 
ye exposed,^!*^ are cited as proof, they are too infrequent to make this 
action of any moment,^ > * 

Erosion by lateral streams^ Lateral streams^ w^orkJng under a glacier's 
peculiar comroh either submarginally or between the ice and its wall, have 
been held responsible for spur truncation and w idening,^l2 They incise nvo 
parallel canom {doubk cmiort gheiare of Brunhes) in which pot hole 
dnlhng IS imi^rtant 413 while plucking and abrasion lower and remove the 
central nb md widen and round the river furmws. Brunhes^M repeatedlv 
advocated this simultaneous emsion by ice and lateral streams. His view ha^ 
won considerable approval415 and been extended to cirques.4t6 Streams 

'kw Itave been cited the sporadic deprtasions 
aJong the valJe>- sid«4i9 nJkmg U- 

obscure othc^, Suggesti.-e too are th*; rounded masses 
j j' ’I *1,^' w 1C project upwards in front of modem Glaciers 
and divide their waters into two or more stftams,«i eg in aSs and at 
thynout of the Upper Gnnddwald, Fiesch and Ubdtal'Glaciem. 

Ihis ^,on undoubtedly played a minor But, as a major 

actor, It must be rejected «mcc lateral streams, associated with modem 
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Alpine glaciers, are exceptional and not limited to signs of fluvJadle 

erosion in abandoned glaciated valleys are rare, especially on barriers and 
Steps; crevasses leading to subglacial water-channels arc restricted in general 
to glaciers not thicker than 60 m -*24 ; and some trough-shaped valleys were 
above the glacial snowline where there were no streams 

Interglacial streams and ice-proteclion. Many glaciabstSp starting 
from the double view' that rivers erode and glaciers protect, associate the over- 
deepening with torrents discharged in the main valley from receding snouts 
during Avarm interglacia] epochs w^hen lingering glaciers protected the tribu¬ 
taries at higher and colder levels. Glaciers covered and shielded the landings 
above the steps in trunk valleys while melt-waters eroded the treads bclotv. 
Thus the several steps mark the upper limits of regressive erosion by inter¬ 
glacial streams and testify to the slightness of direct glacial erosion. 

This view, presented by Garwood'*^*^ from obsen'ations in the Alps and 
Himalayas and arrived at independently by W. Kilian**^^ — he later abandoned 
it in favour of rejuvenation^^® (see below)^ — has been advocated for %'arious 
parts of the Avorld.^^ Heim,^^ on the evidence of bores in the Rhine and 
Aare,^^^ relegated the downcutting in Swiss valleys^ amounting to as much 
as 1000-2000 to the great interglacial epoch. Continuous uplift 

accelerated the river's tenipo."*^^ According to MachaLsehek,'*^^ the Rhone 
valley near Visp was lowered by 600 m during the first two interglacial epochs 
(principally during the second) and by only half this amount during the first 
two glaciations. The lowering during the third interglacia] was 150-200 m. 
Of the total loAveringp therefore, 750- 800 m was accomplished by interglacial 
erosion (made possible by tectonic uplift of the Alps) and only 400-450 m 
by glaci^ erosion (see p. 321). 

Since the interglacial epochs were much longer than the glacial epochs (see 
p. 918), it goes without saying that the interglacial and to a far less degree the 
interstadial streams had their share in the lowering ^ the stepped TabcMus^ has 
been attributed to ice and tvater w^orking alternately.U-vaJleys, therefore, 
were cut partly during the advance and retreat of the glaciers and AVerc 
exposed alternately to epiglacial cycles of river and ice erosion"*^—they may 
in this way have been low^crcd 430 m, of Avhich So m was interglacialor 
3000^1200 Difficulties enter tvhen Ave attempt to apportion the parts 

played by the ice of the glacial epochs and tbe rivers of interglacial and pre- 
glacial times. While the glacial erosionist probably underestimates the latter, 
advocates of Garwood's view and of the multiple trough hypothesis (sec 
p. 320) take insufficient note of erosion by prcglacial streams since pre- 
glacial time much exceeded the longest interglacial epoch. 

Garwood^s hypothesis has little to commend it though interglacial stream 
gorges, confined usually to rock-harriers, do occasionally ciccur.'^ Tt sup¬ 
poses, contrary to general opinion (see p. 919)^ that the first interglacial 
epoch in the Alps saAV the greatest retreat"^^ and that glaciers survived during 
the interglacia] epochs* It ignores the drift which filled the interglacial 
valleys and impeded active valley enlargement, so that this was much less than 
the sum of the interglacial durations might suggest. It is inconsistent Avith 
many other obser\'ations* For example, hanging vallcy^s are frequently U- 
shaped and have rock-barriers and basinsthere are a great number of 
small Steps moraines are frequently AA-anring at the steps ^—subsequent 
removal's is unlikely; trough-floors are Avide and flat; streams from hanging 
valleys have not established accordance troughs ctase where glaciers end 
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(sec p+ 322) i and the steps in the msin and tributary valleys are not systemati¬ 
cally related in number^ height or spacing^^ It is^ moreover, improbable 
that the glacier snouts were nicely poised just where the tributaries and tnain 
valleys were confluent^ or* to Judge from the behaviour of modem glaciers 
(sec eh^ Vl)^ that they stood in the$e positions without oscillating^^"^® Further¬ 
more, aggradadon rather than erosion lakes place below glacier snoutsand 
interglacial rivers, like those of to-day (see ch. XXV}, tended to fill rock- 
basins, erode burners and eliminate breaks in the profile,'*^^ 

The g^vest objection concerns the postulate that glaciers lingered longest 
in the tributarieSn This h contrary to obser^^adons on modem glaciers 
including the Durance valley W'here K^Uian w^orked out his theory. Main 
glaciers rooted in large n^V'es respond to climatic changes less rapidly than do 
smaller onea+ It conflicts too with the countless instances of marginal drain¬ 
age and the presence of hanging valleys where the main valley only was 
glaciated and the lateral valleys had no glacier protecdon-'^^^ 

Finally, interglacial epochs in the heart of such regions as Scandinavia and 
^ cotland vyhich display tj'pical U-valleys, though most probable, have vet to 
be conclusively demonstrated. 


Transfluence and diffluence^. Branches of glaciers, if thick enough, 
overtop divides and swiping over these terminate in. pendant masses or 
co^ues^ ij-ilh other glaciers. They lower, widen and round cols (Kilian^s 
seuus de debordement^^)^ striate the sides horizontally, scoup out pass-lakes 
(sometimes with outlets at either end) and transform the cross-section into a U- 
nstanc^ of $uch lowered cols or U-passes are some of the Scottbh passes,^^^ 
€.g. the Pass of Drvimochter and the Loch Treig col in the Scottish Highlands 
which may (doiibtfuUy) have been lowered 450-550 m^^; Alpine passcs,^^^ 
e.g. iont Ceil is, Simplon (2009 m), Grimsel, Gotthard (2112 m), Bernina 
(^330 m), Splugen (2117 m), Maloja (1817 m) and Brenner (1370 m; this 
U-trough IS about 300 m deep), thoise across the North Limestone Alps«& 
^ Eastern Alps- the through the main Scandinavian divide 
h ^ t^ccentric ice lowered and those across the headK of the Finger 


1 uence occurred if the ice near the glacial periphery overflowed in 
su cient srren^h ^d duration Diffluence cols ^2 sometimes 

^\ere ^ widened—in the initial stage possibly by overflow^ waters from 
ponded glacier-lakes^^-^to become the main lines of ice-discharge.^ I'hey 
sometimes wholly removed and replaced by U-shaped through 
with high, Sleep and truncated waUs, low flat divides, broad and 
rounded, and smdded with pass-lakes or swamp$. Examples occur in all 
Countricst for example in Labrador, where the U-vallcys are athw-art 
south of the Finger Lakes, between the St. 
Uwrenw and Susq_uehanna rivers.'^’ and in Scotland—the Bhcakieh 

hlJ may be preglacia] like the Tar- 

II 1 ^ jj* w^e othera may have been hollowed out by 

^lloy glacier Rowing in opposite directions from the same source—the 
modem gl^er-fiUed through valleys are the through glaciers (see p. 8S). 

Remnants of the watersheds may rise as Jnselberge or islands out of the 

d'lseo or the Burgenstocit in Lake 
n 1 Insethergt may also be made by lateral streams (see 

p. 330) or by truncating lateral spurs.4M 

Diffluence has been credited not only with lowering cols, eroding ^‘dif- 
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fluencc basinsand tlie forking of such Alpine Ran^een as Como^ 
Lugano, Iseo and Garda, but with the bifurcation of certain Alpine U- 
vaJleySj^^i e.g, the Rhine near Sargans, the Isere at MonttriLHian and the 
Salzaeh near Zell, the creation of " diffluence steps'' west of the cois on the 
Norwegian watershedand of “diffluence spurs” in the angle bettveen 
the overflowing glacier and main valley. h has been held responsible for 
the depressions ^at margin the bosses before the Jo5tedalsbrae^'^'*and for some 
of the Norwegian slraJts.'*'^^ in places of diffluence was the accordance 
of level betw'ccn the floors of diverging tributaries close enough to give a 
perfect bifurcation like that of Lago di Como where the two glacial outlets 
have been of approximately equal cross-section* 

"rhree types of glacial pass have been recognisedthe first is the modified 
cirque pass of the iceshed or the Ttirl type of the eastern Alps; this merges 
by rounding into the second or Karjock type; and this by further cro$ion 
dcvciop$ into transfluence and diffluence passes tvhere, for example, the firn 
of a higher cirque spills through a col into another fim at a low^er level. 

Glacial modification has in this way sometimes brought about glacial 
capture as Davis"^^^ deduced theoretically. This seems to have been first 
recognised by S. Meunier^^® who suggested that the drift succession m 
Switzerland resulted possibly from the enlargement of glaciers by the capture 
of adjoining reservoirs. Matthes'*^ noted the first examplep in the Bighorn 
MountainSp and others have been observed"*^® in the Alps and elsewhcrCp 
M, Conwaythought that glaciers might by frost action eat through a range 
and draw off part of the higher ice. Glacial capture may also have been due 
to tectonic influences oi- to interglacial rivers 

Conclusion, The present relief is the outcome of a prolonged develop¬ 
ment ^ the beginnings of which go far hack into the I'erti^ era. The 
Yosemite Valleyp CalLforiiia^ monographed by Matthes,'^®'* is perhaps the 
world's finest U-v-alley. This gigantic chasmp with cliffs rising 3000- 
4000 ft (9t4’-ja^o m) above the floor, epitomises and illustratea in its literature 
the change of opinion concerning such valleys; it has been referred to fault- 
ing^ 48 S to prcglacial streams working along joints^® and to ice-erosion.^^ 
Yet Matthes proved that its history^ is that of a rejuvenated canyon gravely 
modified by ice and over-deepened by r. 450 m. This vaDey embodies the 
compromise between ice and stream erosion, now seemingly established for 
U-vallej's in general. The ice accentuated rather than eroded or conserved* 
V-shaped valley Sp the outcome of flu^iatile cy cles, were more or less seriously 
altered by glaciers ^vhich flowed through them. The glaciers straightened 
and steepened the valleys by truncating the lateral spura, so accentuating the 
difference between the shoulder and the slof^. They exaggerated the 
irregularities of the floor, hollowed out rock-basinst heightened the rise of the 
steps and converted the uppermost into the Tabfhlm^. The overdeepening 
was sometimes quantitatively profound; rock-basins represent not its full 
measure but the excess of the lowering in the basins over the low^ering on 
other parts of the floofn 

Penck,the leading European protagonist of the glacial theory^, recognised 
that glaciers operate mainly in modifying pre-existing features created hy 
running w'ater; the typical U-vaUeys of the Alps, for instance, are restricted 
to the raised Grosss^tel region* The Colorado Canyon, if glaciated, would 
present all the features of a typical U-valley/^ 
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Davis, Ann. A. Am. Gg. 2. I9t2i 99 i E. Eleydweiller, Eel. 15, 1918, 260. 182 /4S0, 

453,472,475. 183/297,873- 18464/. 33719^9. 46;48;/opr, 26* 185(032, 

7131 Z- GL 5, 1911, 356; G. Z. [9, 1913, 319, 365. 382 ;y. RA. 191 r, 223; P, M, 
ErgH. iSi. 1914: 2 - Ss, 1924. 541 CR. C. Gg. (938, II (iia) 37. 186 59/ (3)1 

ch. 20* 1410, 32; r575, 53; W. Rantsay, F. ti (2), (894, 38. 187 575 , III, 387; 494 . 

13a; 778, 79; /097. 3*71 *455, ( 36 : ‘489, i7i /67a. 439 : G. Andersaon. Y. 32, 1902, 
56; J. G. GranO, F, 40 {2), 1919. 49. 50: L Lciviskfl, F. 25 (a), 1907. 8; R. Mayer, 
Z. GL IS, 1927, 127: E. Mikkola, Flnl. B. 96, 1932, 27: W. RernBartcn, cf. Z. GL 15, 
J927, 159J At Rothplels, Das gcotektoiiischs Problem der Clortier Alpcn, Jena, 1S98, 
237; M. Schlosser, N. y. i% 95 , U IS- *88 tbo, 194- 189 .4/5. 85■ 841, 258, 

336; rood, 154; til 3 , 171. 183: ^384, 445: f 58 ?, 29, 4 *: E. v. Klcbelsberg, AT. Jf. 
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1921, II, ^59; D. Khnh^W & F. E. Zetincr, U. L Arch. Oci. P. 7, T946. 22; 

F. Madmtsdieh^ Z. GL 23, Staub, Z* G. E. igiS, 334: E^L 3S, 1945+ 

479. 191 A- Penckp Abh. prfust. Ak. 1920 (2)^ 126; preuss. 19, 1921, 206. 

192 43, 34s j 73^i II. 9^^^ +63 S 39; Bob^k, X E.'l. S5, 1935, i 79 : 

A. Penck, «L 193 TS24, 134. 194 25?, 193, 19s 704; 229, ^33; Capps. 

U. S. G. S. if, 3S6t i909> 43- *9^ Biibek, a;*. «L 136. 197 S 29 , 192. t93t 20^- 

19S pi, 49. 199 3^0, 141: 97^p ^^09^ 400; 79 p 9^: 52. 104; 

J. Fr5dJnp St.\ Ga. Ab. 3,1927,124; A. Grund, G. Abh. 9 (3), 1910.92; H. Lauttrisachp 
Z. Gi. I7t ^929, 368; J. Muilcr, J* LA^ ^917. I> 74. J i3 ; A- Penck, CR. C. Gg- 
iS99, n, z^Zt 233 i G. St^mmonn, cf. N*y, 189S, II, 343. ioo 375i lH. 338; i34^t 
37; 1343^ 176, 1S9; 1343, 145. 179; 8^: ^ 7 ^ 3 , ^2; P- N- Hose, Jnd, Rec. 24. 

iS9ti 57^ 59: R. D. Oldham, ibid, 31, 1904, 144, 153; M, v. Dechy, CR- C. G. i9io> 
483^ M- Friederichsen, M. Gg. G. Hantb. 20> 1904. 79! J- W. & C, J. Gregary, Ph. T, 

B. aiji 1925. 227; A. V. Reinhard, Gr Abh.Jj 1 (s)h 1931. 67; F. K. Ward. G. ^9^7, 

279, 201 Sz, 3i\ 9^6, 337; ^094, 1S9; iJ< 55. 2091 243. 247; 1633, 179; 1645, 339; 

J, W. Goldthwaite, A.J. Sr 185, 1913, 13; O H, Hershey.X G. 8, 1900, 42; C- King, 

V. S- G^ Expioration 40ih Parallel^ I, 1878, 478; A. Knopfi U, G. 5. PP. no. 19181 

93. 93, !cso; W. J. MiUer, Jf. G. 34. 79^-^^ SpUrr, U. S. G, S. Rp. 20 {7). tqoG. 

253, 202 iTSSf 283; F. Klutc, F, Mr i^xZt II, 236- 203 G. L+ Adkin, T. N. Z- 
44. 1911* 308; R- Speiffht, ibid. 53, I92t, 47. 204 F, Nussbaam. CR. C* Gg. 193®+ 
H (lia), J91. log 449, 461 1 H. W, Turner, Fr C^Uf. A£> 3 , i, i 9 ^h 

271 io6 W. M. Davis, Ann. Gg. 10, 1920, 75 ; F. A. Kerr, Can, Af^m. 248, 

1948, 40. 2fl7 jyd, 319; J, W. Gregory, T. G. S. Gfcagr 15, 191 &, 306. 208 260, 

306; J. Wr Gregory, G. M. 1920, 148 j \S\ Ramsay, F. 11 (2), 1894, 42, 309 Ibid, 

210 1273, 331; A. C. LiWson, U. CaFi/. Dfpt. G. B. 3, 1904, 349; I. C- Russell. 

G. 5 . A. B. 16, 1905, 87; R. Speight, T. N. Z. A 54, 19235 98; H. W. Turner, ap. cit. 

285. 2II Jjji, 200; Fft. M. 4, 24. 1862, 380, 212 45, 129; 9f, 32; -Trio, 193; 444^ 

289, 290; icwjfi, 6, 140; 1^9, 387; J52d, 102; iSzSw ^04: H. Bobek, F. Lk. 30 (i). 
1933; K. Diwald, E. 4, 1927, 26; E. v. DrygalskJ^ P. M. 19121 Uj 32.9; E. Gogarten, 
P. Mr ErgH, 165, 1910, 25; Fr Herit^ch, AT. Gg. Gr Wim, 49, 1906, 434^ J- Hug, 
Bin G* K. SchtB. N.F. 1912, 30J K, Leiidi^, Geofogie v. Bayern, 2, 1927. 3*8; 

Machalschek, G. Anz. 5 , 1905, 27; E. A. Martel, ap. di. 1257; G, Orth. Tijds. 

S^i^i 1935. 204; F. Mhhlberg, nf. G. Btale, 23, 1912, 63, 66; I. SOlch* T^d. Gg. 
Abh. 12, 1933; Ar Winkler, J. RA. 71, 1921, 25+ ^^3 34 ^ 191; 413, t; 909^ 281; 
frj5, 92. 196; 1509, 33s; ^4^^, 8r; ijd?, 243: 100; 1671, 140; G. F, Becker, 

G. S. Ar 2. 1&9J, 68; W. Ramsay, op. at. 24; Jr E* Rosberg, F. 24 (4), 1906, 12; 
A. Scotty Sr 34,1918, 97; Ch Sittig, ^4jfin. G. 42. 1933, 248; J. S6lch, SBr hddelb.. 
Ah. 1936 (s>. 214 E. Trbkler, GTerg, 23,1930,7Sr zt^ 1066,105. 216 T. Hay^ 

G. J. 102, 1943. 13; W. V. Lewis, J, GL i, 1947, 38. 217 i36, 24; H. W. son AM- 

rnann, G. F. F. 60. 1939, 334; I. B. Crosby, G. S. A. B, 36, 1945. 389; A. A. Milner, 
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Alem. Brit. Reg. G. Sotith of ScQtfandf Ed. z, 1948, 80. 220 164. 221 O- 

Ampferer, E. i, 1924, 6, 222 W. A. Johnstdn Sc W, L, Uglow, Can. Mem. 149, 1926, 

27: W, J, Miller, G, S. A. B. 22, 1911, 182- Oh Nordenskifdd. Ant. G. 23, 1899, 295. 
223 1095, 42, 224 544,4^1,647, 167- R, S,Tarr, Am. G. iq, 1897, 190. 225 J, W. 

Gregory. Sr Gr M. jt. 1915. 478, 226 143, 227 G, dc Mcntillcl, Aid S. ItaL 

3. 1861. 5^. 228 479 . 66; J007, 73; 1008, 62; A. Penck, Z. G. E. 1925, 62; R, S, 
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28; &2t, 57; pll-t 974 f h 29^; J^05J. 35'^. 357! 311; j&pj, 86; IJ42, 195 ; 1^7, 

190; 114; K, Dra^ald, E. 3, 1926, 2i; E, v. Dr>'gflJsy, F. M. 1912, II, 8, 329; 
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*39- 301 io6j, zho* R. V. Klcbrkber^fij Vh. RA. 1931^ 45; F. G. Rd. iji 1921, 
i&i W. Schmidt. J. BA. n. 19^3, ^5^^. 77* 3^3 ^&4. 3^4 ^4^7^ 

96, 30s 30; H. IL ComcUuSp M. Gf. G. IVkn, qz, 195O1 i6t; A. Winkler, idi<l 

tji, 306 t*7; R. V. KIcbeishcrijp op. cil. 307 ^4^p, 414; G^ 14^ 

317: x\f. Gg. G, IFteii. 7^p i9^9p *59- 30^ 76p 1933* 309 Nichr. G. G^n. 

192S, 2x7. 3*0 pj/* 398. 311 A, Heimp NjahrshL tzq, 1927. 31? F. IJcnisch, 

Gm. Ip 1925, 4S, 313 pJJp 408; tZqS, 187 j A. Penck. .S*^- prems. Ak. 1919. 3:68. 

314 O. Ampfcrcrp J. 73p I9i3p * 31 ^ 74p i914p *1?- R- v. Klcbekberg, Z. 

G. 77^ i925p 377^ 31^ A. Winkler, Rd. i9i+P 3^5- 3*7 ^5^7i Bobckp F. 

Lk. 30 (i), 1933. 318 M. Richterp $B. Ak. Mfflp iszp 19S4. 343 i G. iT. i9i&P 3^i ^ 

i928p 315 j Z. Gff!. 4> 1929, 15*- 3*9 A. Penckp iVw. i2p 1924. 1001. 3*^ *^5- 

321 Jf. 7t, 1921. 30. 32^ Cf, 10155; ^ G. F. 1928, 3*S; W. Staub. AT. 

69 (1 )p 1934. 3^3 A. Wkkklerp SB. AL Whn, 13 2, 19 24^ 390. 334 F. Ksutsky, tkd. 
*33 p 1924p 4 ^1- 3^5 Brinkmann, N^dir. G. Gdtt. malh. nut. KL 1928^ 2i7. 

326 JO^jj 297; 187. 327 60p nS; /5-^6p 147; J. S6lch, renek-Fschr. 1918^ 84. 

328 44i 72; 14s: i^74 \ A. .Eisner, Sifg€r-Fs€Jir. 1924, 22; A. Winklerp J*, Ji-4. 71, 

1921 p 1; Z, 1928P 315. 329 490, tq,i4i7, iic \l336, 15, 77^ v. KkbcLsbcrgp 

Ojf^j). Ff^, 3 {1)1 1911J 3; Vh. BA. J922p 45; K. L^uchSp op. cit.; Lichtenecker> 
iVm. 13, 1925^ 739. 3JO *0^3, 273; M, Richtefi Z. Gm. 4, iqzq, 149- 33* 949^ 
£73; F+ LeydeOj G. Rd. tjp 1922, l3v 332 J. Si5khp SUgfr^F^chr. tqz4^ 21. 

333 1417^ 96 j F. F. Hahn^ Af. G, O. TFr^n, 6^ 1913^ 238 5 E. Spcngler. 1191^^ ^ ‘ 

334 12^, i^p 199. 335 13&4. 465P 467, 336 E. Trinkler, G. J. 75. i 93 ®h ^aS. 

337 425- 338 B. Gff. S. A. 41, J909. 672. 339 F. Ko^mat, Z. G. F. i9t6> &45- 
340 i4^6p Si. 341 E. dc Martonnc. CR. C. Gg. 1915- 9^0. 342 34, 57; 4-f? 9^ > 

117; jsq. Ip 297. 301: 73^. 421: 97^P *32; 9^9* 74: 33^1 *065, z$ti; to 6S, 417^ 

log&y 243; 7Q9Jp Ip 303; 120S, S9; 1334^ 304; 75^<5 t *47: * 5^7 p Up 44; A. Bufchaidj 
P. AJ. 1923, isS; A. Heimp7^ S. AC. 14, 1897. 37* I F. Lfiwk P. Af. iSS2, 132; E. de 
Morlonne, Trav. a J. Cvijii, 1914, 121; F. Nitasbaunaj S. AC.4^, 1911, 229; A. 
Schlagintweitp .idppff. Phyt. 81. iS^Op 113. 343 JaiJ* 189* 216. 344 4^3, 4**^- 

34S 1^250^ 200. 346 A, Kolbp M. Gg. G. iFrfn. 17,1934, 4. 347 *^23,60, 348 E. B- 
BaiJeVp Sv. Mem. Scot. 53, 1916, S* H. DeweVp G+ M* 1918^ i4S: J- Gwjgoryi 
i920p 148, 349 T. G. S, Giasg, 15^ 1916^ 311. 350 R. S. Tarr, Am. G. 33, 

1904, 271 (cf. G, S. A. B. s* 1894^ 339); WL Uphump Am. G. 35, 1905, 314- 3S* 3- 
MGUciTtX lA. f. 1917* Ip 104 35^ 44\9I, S * J21, 73; 413, 91 ^ 414, 140; 97^. 124; 

9S9, S5p *4^7* 9*; 25-54* 304; 1386, 1471 A. AJgner, SB. Ak. Wien, 131s 192^1 243 ; 
L. Distelp jP. M. 1912* IIj 329; F. LBwl, op. eil. 139; F. Nussbaump J, S- AC. 47i i9*2p 
229. 333 Jf4p 268; qx6. So; §78^ 76, 82; 7597* 302; A. Burchard, op. ; C. A. 

Cottcn* J. G. 49* 1941 p 1x5. 3S4 W. M. DaviSp Poffon S. P. 29, 1900, 273; H. Gstn- 

nettp Not. G. Af, q, i S^Sp 417. 355 413^ 46, 83. 356 475* 83; gBq : iXJO* 206; 1S24, 

237; L. Distclp M. Gg. G. Mun^ 1919, 354. 357 97^; 9^9; 1764, 92. 35® 

57; A. LAidwig,^, S. AC. S3t *919. 3S9 *4*; 97^, 77. 9®; 9^9. 20; 1095. 95 ; 

1297, 303 ; H. W' :soo Ahtrtiann, Z. Gm. 2. 1927, 215; E. dc Martonfie, B. S. G. F- 4* 
t2p i9i2p 531; F. Nuisbaiimp BeL iq, 1925, 149; 20p i926p 234. 360 414^ *46; j 297 p 

623; O. Ampfererp Z. Gm. ip 1923J 103; F, Uiwk op, dt. 132; F. Kmsbaum* op. cit, 
igo; E. Rkhtcrp Z. F. jOp 1899P 26. 361 7^39* i2; M. Schlo$se»'p J *895? li 75* 

362 7460, 472. 363 xzSi^ 459; iV. 161, 19481 820V 364 60^ 127; 6211 64; S34w 4^^; 

I; 7092 (8)p 11 , 9 * 6 ; * 5 ^ 7 ; 2S0; G. Sittig, ^nn* G- 42p 1933* 260. 365 5 ^p 
413f 106; 475* 83; p4g {O. Lehmann): 7764, 36; J. BauLigp Ann. G. 31 ^ 1922P 401: 
F. Lamprechtp Gg, Stud. Dwidbj, (4), 1933; 1 . SOlch, op. di. 49; H. Wachner* Z- Gi- 
17, 1929^ 380. 366 255p 201 "p 97^* 125, 127; rDi>7, 42, 64, 76^ 118: F. Lc^7* G. Z^ 2%. 

i922p 91: C. Troli & Rr Finatcrwalderp P. M. 1935, 445. 367 769 {2)p 376. 368 4r4p 

138^ 369 A Heim, J. S. AC. 14, 1879, 392. 370 gSg, 53. 371 752* 372; 75S4* 

305; F. Leydenp G. Rd. 15, 1924, zio (cf. G. Z. 28, 1922. 75); ([. Schepfer* G. An^- 

27, tqz6, 197, 372 H. Keidl, CR. C. G. 1913, 11, 765. 373 Vh^GTog, 1912* sis. 

374 4JfJi 69, 85; 9*9, 280: 7720, 466; 1750, 375 222p Z05; 1055, 350; 74/0* 4®; 

758(5, 163; 1S24, 147 (cf. O. Ampferer, E, 1924, 5). 376 74:59, 134; 1460, 47* i 
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Chapter XV 

FJORDS. FJARDS AND FOHRDES 
I, Fjords 

Forin. The words fjord in Norway, fiord in fjordur in Iceland 

and the in Denmark ^fid foftrdem Germany are all derived from 

the same root. J, D. DanaJ who was the first to recognise the fjord as a 
special coastal type^ separated the first from the others as a technical term. 

Fjords, which constitute one of the best-defined coastal types, ever^n^rhere 
exhibit the same general and essential characters.^ They are long, straight 
and relatively narrow sea-inlets (the Sognefjord w'hose trough extends from 
900 m or 120Q m above to 1200 m below^ sea-level, i,e. 2100-2400 m. is 
230 km long and only 4-8 km broadpenetrating far into a mountainous 
land* Their walls are high and regular, parallel or subparalleh and without 
conspicuous rock-spufs* Sometimea^ a$ commonly in Greenland and Fata- 
gonia» they pass at their heads into supramarinc U-valley&> ’^vith or w'ithout 
elongated rodc-basins or moraine-dammed lakes; the term fjord has, indeed^ 
been extended to embrace these ** fjord valleys " with their " fjord lakes In 

other places, as in the Lofoten Islands and Lysefjord, Nonvay, the walls close 
in and the fjord ends abruptly without a fjord valley. Such sackfjords” 
{iskhfjorder) as Helland^ named them (they are Nansen’s “cirque-fjords"* or 
“cubde-sac fjords”*^) characterise north Norway but occur in other lands, 
e.g. Tierra del Fuego.^ 



Flo. 60.—Trailfivefw profit» of the So^rnefjond. A. Between 
FiJKlcsactfjDrd md Vadheim^nir B. CNL^er FrtSiininRen. H. 
W:Kjii Ahlnuuin, tS^ p, iii| hg. so. 


The fjord's sides are steep both above and bebwr the waterline. Though 
sometimes vertical they slope as a rule at not more than 30® or 40'"® and giv'e 
trough-like sections (fig. 60). Their heights above the sea may attain ex¬ 
ceptionally 1525 or 1830 m as in south-east Alaska^ or 1800 m in Franz 
Josef Fjord, east Greenland^^—this highest marine cliff in the world, with 
the adjacent depth of more than 400 fathoms (732 m)^ gives the exceptional 
"vertical extreme" of r* 2530 m^ Tributaiy' vaUcys. ranging from small 
cirques to big, spur less troughs, hang and their streama plunge in a series of 
cascades or in one great leap into the fjord below. The floors of the lateral 
fjords may also be higher than those of the main fjords, 1* as in British 
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Columbia^ Aiasbip Greenland, Patagonia and the Sognefjord, the difference 
here being as much as icxjo m. 

The most important element in the fjord problem is the threshold, the 
eide of Norway (figs, 61, 63), which Captain J. Cook*^ first discovered in 

Tierra del Fuego (Cook Bay) and New Zea¬ 
land (Dusky Bay) and wa$ familiar to early 
South American sealers. The threshold 
may be above or at the mouth and a single 
fjord may have several shallow parts. In 
Greenland, the thresholds are rarely c5o\'ered 
by more than about 200 m of waterand in 
Patagonia by lOO Lateral fjords also 

commonly have thresholds, 

Thresholds, which create uniform con¬ 
ditions and even stagnation in the basins 
behind them, are essential features in 
fjords (inlets without them have been 
called pseudo-fjords^^). Yet a few 
geographerSp^^ while considering them to be 
usual, deem them to be unessential; about 
one-fifth of the Scottish sea-lochs have no 
threshold,2^> Fjords differ in this respect 
from the w^edge-shaped inlets or ri^is which 
in unglaciatcd lands like north Spain (rifl, a 
river mouth, is local here), Brittany^ south¬ 
west Ireland, Corsica and south-east China, 
gradually widen and deepen seaw’ards.^^ 
The which Richthofen^ established ^ 
a distinctive type^ is a submerged, longi¬ 
tudinal valley found usually on transverse 
It often lies in softer rocks and 
has more rounded outlines than the fjords. 

From the threshold, the floor sinks to 
the central fjord-basin whose sides rise 
steeply to sea-leveL The basin is someti mes 
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^ very deep; the depth of the Sogne, Nont'ay’s 

I deepest fjord, la 1244 m and is only 

■| exceeded by Baker Fjord (1261 m) and 

I Messier Fjord (1270 m) in Patagonia^^ and 

j North-west Fjord (793 fathoms; 1450 m^) 

I in Scoresby &und—Franz Josef Fjord is 

5 546 fathoms (998 m) deep. The greatest 

u known fjord depth in Alaska is 8S3 m (in 

the outer part of Chatham Strait) and in 
British Columbia 785 m (in F'inlayson 
Channel). In Loch Morar, the deepest of 
the Scottish lochs, which only just escapes 
being a true sea-ioeh (its surface is 30 ft or 
9 m above the sea), the floor is at —301 m 
(987 ft) 0 .D,, a depth not equalled in 
the Atlantic Ocean for some 120 miles 








FORM OF FJORDS 3+3 

(f. 200 km) west of this point, Dinse^ has given the dimension:^ and depths 
of the world's fjords. 

Although a fjordj as in Loch Etivc and Loch Fyne in Scodaiid, may be co¬ 
extensive with its basin, it has customarily several “basins of the second 
order as Dinse named them. Of varied size and shape, they resemble tho«e 
of the supramarine fjord valleys. There h no order in their relative depths 
or positions; the deepest basin may be mid-w^ay or near the mouth or head. 
Yet each basin is usually shovel-shaped and deepest at its inner end though 
exceptions to this role are numerous, as in Scotland where as many simple 
basins are deepest at the outer end.^^ Sometimes, as reported from Alaska^^^ 
the greatest depth is to one side and due to erosion working down a dip slope. 



Fic. of the Soirnefjard with Ifio^tudliial proHl&s of the main fjord and tributaries. 

H, W'Boti Ahknazm, iSy, E^. 71 and 1^4- 


It IS necessary^ aa in the case of the rock-basins in U-valleys (see p* 263)1 
to consider the basins in natural proportions (fig. 61). Thus the ^gnefjord^® 
sinks from the upper end at an angle of o® 39' to 1244 m, 25 miles (40 km) 
from the entrance, and then rises with a slope of 3' to the threshold at 
i 58 m. The Hardangerfjord has a depth of 800 m and a threshold at 175 m. 
In generalp the bottom of the Norwegian fjords falls tow^ards the mouth at an 
angle of 0-5-1-5® and then rises somewhat more rapidly at though 

they sometimes shoal much more suddenly. It h manifesdy the great length 
which makes great depths possible and explains %vhy the longest fjords are 
usually the deepest ^ 0 ; the relatively short Icelandic fjords descend only to 
e. 100 m 31 and the smaller of the west Greenland fjords to 100-200 m as 
against the 200-400 m or even 700 m of the larger fjords 3 ^ and the 1055 m 
of the Upemivik Icefjord.^^ 

Fjords, as Dana and Peschel remarked,^ occur not singly but in groups. 
Their members are parallel among themselvesand if they change their 
course or receive a tributary fjord they do so through a high angle, frequently 
a right angle ^ (fig. 63). They are directly connected by fjord straits and 
outside their mouthSp where the rocks are resistant,there are belts of blanch^ 
the skerry guard (Norw\ S^iiergdn/j^ as off the west coast of Norway^ Scot¬ 
land (T^wis is the analogue of the Lofoten Islands), Greenland and Patagoriia. 
Iceland has no such feature.^® Skerry guards are separated from the main¬ 
land by Laffgs/Jords^ parallel with the coasts and athwart the fjords, e.g. 
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Norway's Trondheiml^ and Vestfjordftn and the Minch of Scotland. Such 
passes are less well developed in Greenland or New Zeaknd 
A fjord coast is higWy indented; New Zealand's is estimated at 2366-5 km 

Norway's, between Slide Gabet and 
ri.tc 2gi6-6; islands, 3224-6). The fjord 

JhTwfh T *903 xo h^ 700.000 km loig or 20 times 

hiffh thraiAi, n *1 coastal curve, 'rhis figure is, however, much too 

high though no bter detentiination has seemingly been made.-« 
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Rotation to rock^structure. Fjords predominantly occur m massive 
crystalline rocks, such as granites in west Greenland and north Nor^vay* 
diorites and granites in New Zealand^ granodiorites in f^atagoniap or early 
Palaeozoic rocks in Norway. Bnl typical forms are found in other kinds, in 
Archaean rocks in Scotland and in ^lesozoic and Tertiar>'strata in Alaska and 
Spitsbergen. ITiey are well displayed too in the 1 ertiary volcanic plateaux of 
Iceland and Kerguelen, in folded mountains and longitudinal coasts, as in 
Patagonia, British Columbia, Alaska^ New' Zealand and Norway (N+ of 
62® N. Lat.), In the faulted coasts of Scotland, Norway and Greenland, and 
in the Rumpjgebirge of Greenland and Nonvay (S. of 62'' N. I^t,). They are 
rare and small in the rigid Pre-Cambrian foreland of Norw'ay.'*^ 

The shape varies considerably with the rock, 'fhus fjords in Korway^s 
gneiss and granite axe narrow and stcep-w'alled'^^ while in the sedimentary 
terrain of Greenland, Finnmark and Spitsbergen^ they are widcr^ less regular 
and not so atcep-sided,-*-^ and contract if they pass through ma$sivc rocks. 
In the basalts^ of Iceland and of west and east Greenland, they are broad, 
open and generally short. Islands occur w^here soft rocks lead to a widen- 
ing."^^ Fjords in parts of east Greenland shallow svhere they pass from the 
gneissic tract to the folded zone."** In Patagonia,'^^ they are absent from the 
horizontally bedded Tertiaiy^ rocks or assume the form of fjords or broad 
Zungmberken. 

Fjords are usually transverse to the general coastal trend.Occasionally^ 
as near Bergen in Norway."*^ they coincide witli the grain, with the softer 
rock, or with synclinal axes^ c.g^ the east^-^w^est fjords between Nordfjord and 
Sognefjord though the latter cuts across faults and rock-contacts and is the 
outstanding example of a superimposed fjord. They also lie along the 
boundaries of different kinds of tock^®; ihc Hardangerfjord parts the 
ancient crystalline rocks from the younger sedimentaries. O. Norden- 
akiold^i elaborated the following classification: 

A. Basin-shaped depressions on the continental shelf 

B. Fjords in mountain regions 

1 . Fold zones 

1. Kadial fjords 

Parallel with tlie strike 
(&) Transverse to the strike 
(c) In massive rocks 

2. Parallel fjords and fjord straits 

IL Finnmajk type. Bedded and more or less horizontal rocks. 

The Finnmark type is illustrated in Non'n^ay by the Porsangerp Tana 
and Foranger Fjords and in Spitsbergen by M ijde Bay. It occurs in south 

I.abrador.^2 

DistHbuliofl. Fjords are restricted lo higher latitudes, the " fjord lati¬ 
tudes” or drift latitudes” of Dana.^^ Thus there are no fjords in Afri(^ 
or Australia {except Port Davey in south-vvest Tasmania^) or on the nAsian 
mainland. The Red Sea and Persian Culf^ reprded by C. FUttcr^^ as 
fjords, the inlets of Brittany, which E. Rcclus^^ identified w'ith fjords, and 
the submerged valleys around the Great I^ikcs w'hich F. Ratzel^^ classified 
with them, are now by common consent excluded from the category. Th^ 
Dalmatian inlets, Nordenskidld^s ''Dalmatian ty^pe”,-®® are also excluded 
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except by an occasional writer who emphasises their U-fomip hanging 
valleys and thresholds. 

Penck^s estimate^ of ^t^ooo km for the length of the worid’s fjord coasts^ 
like the figure quoted above (see p. 344), does not include those mapped 
during this century'r 

Fjords begin in Europe in 52® N. Lat. and in North America in 4S* N. Lat, 
In the southern hemisphere^ they appear in 43-5° S. Lat in New Zealand 
and in 42® S. I^t. in Patagonia, i.e. 6-10® lower than in the northern hemi¬ 
sphere. Their distribution has been fully described. They occur in 
Norway Scotland^^ (Loch Fyne, the longest, is 45 miles (r, 73 km) long; 
I>och Morar, the deepest, is 1017 ft (310 mj deep - and the length of the fjord 
coast is 250 miles or 400 km), Ireland,^ Iceland,^^ Spitsbergen,*^ Novaya 
Zemlya,*^ Severnaya Zemlya,^ Greenland,*^ British Columbia,™ Alaska, 
LabradorNewfoundland Patagonia,"^* New Zealand^^ (South Island), 
Kerguelen South GeoTgia"^^ and the Antarctic^® where they are more sub¬ 
merged and masked by ice than in South America. 

Fjords are found mainly or exclusively on Avest coasts,as in Scotland, 
ScandinaAna, Iceland, New Zealand and Patagonia. In all cases they are 
Confined to high lands. ’tMiere, as in Finnmark^ for c?cample, the high fells 
{Hogfjdll^) ceases the fjords become broader and shallower and less typicah 
'Phis explains too why there are none on the north coasts of Asia and North 
America,®^ 

Glacial origin. Although many older theories, such as those Avhich 
postulated sudden catastrophes or erosion by the sea,^* may now be safely 
omitted from our revieAVp the problem of the fjord still awaits its complete 
solution. Since fjords pass upwards into typical fjord- or U-valleys the two 
are obviously homologous and had a common origin. Fjords maVt therefore^ 
be regarded as U-valieys on a vaster scale; their basins are comparable Avith 
rock-basins and their thresholds with rock-barriers. Submergence is an 
added complication. Yet the level of the sea is incidental, submergence 
controlling the fjord's physiography but not concertied with its origin. Epi- 
glacial uplift converted many fjords in Greenland^ Scotland and NonvaA' into 
supramarinc U-valleys8^ (see ch. XL\^, or 'Treshwater fjords”. Others 
termed *Mand-locked fjords are on the point of seceding from the ocean. 

Consequently, it is not surprising to find the same conflict of opinion as 
was recorded in the previous chapter regarding U-A^alleys; some AAriters®^ 
regard the work of ice in connexion Avith their form and origin as negligible^ 
others®^ ascribe them entirely or almp&t entirely to its crosion-^ice removed 
thousands of cubic miles of rook in excavating the Alaskan fjords®^ and 
deepened the St^efjord by r. 1^500 m.®^ Glacial crosionists interpret the 
thresholds as solid rock, thetr opponentSi in generaf as moraines (see p+ 350)- 
EAren the preservation hypothesis has been applied to the fjord basin.®® 

I hat glaciation has played an appreciable role in modelling the fjord is 
overAvhclmingly clear and generally acknowledged. Most Avrit'ers,®^ indeed, 
exclude from the catcgor>' any that have not suffered glaciation. Since 
J, Esmark- first suggested that ice eroded the Norwegian fjords^ but more 
particularly since Dana independently appealed to this agent for their excava- 
found innumerable adherents®^ and has been expressed for 
all fjord centr^, including the 'rrondheimled^^ and extensions across the 
contmental shclf.^^ 

This theory alone expbins adequately all the specified relationships. Thus 
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fjordb ar* restricted to countries and latitudes which were forrnerly glacier* 
—attemptii to explain the distribution by appealing to climatic facto 
such as the annual isotherm of lo'^C or the polar limit of the subtropit^ 
rains, jnyst be deemed ur^ucc^fuL 1 hey extend into lower latitudes in 
the southern hemisphere (sk above) in harmony with its severer glaciation 
and in Greenland are deepest where, in Scorseby Sound and Fran/. Josef 
Fjord, the ice was most expanded and its culmination, nearest to the fjords.^^ 
Their U-shaped cross-section, hanging valleys, submerged basinsi thresholds 
and greatest depths on the outside of bends,®® featured all diagnostic of 
glaciated U-valleys, are probably the best evidence, d'heir si/e is related to 
the glaciers which flowed through them so that neighbouring fjords vary 
enormously in depth—the ilardangerfjord is not so deep as the Sogne- 
fjord®® and fjords in Iceland and the Faeroes are shallower than those of 
Norway or Scotland.The walls are asymmetrical w'hcre the flovs" was 
faster on one side of the valley. 

These arguments are collectively decisive: they allow us to ignore those of 
a doubtful nature, e.g^ the quantity of drift agrees %vith the erosion the 
deepest parts are where the tributaries joined the trunk glaciers^"^^; or the 
glaciers would have calved at the head of the valleys had these been pre- 
glacial.l^ 

Trough shoulders are rare because the preglacial valleys were very narroiv. 
'Froughs-in-troughs are also rare but have been seen occasionally.^'®^ 

The prepoiidemnce of fjords on w’est coasts (sec above) may be explained 
by higher elevation,^by harder rocks,^®^ by meteorological factors, e.g. 
increased precipitation,^®®' by more rapid flow, as in west Scotland, w'here the 
gradients were steeper and there was no opposing ice-sheet as on the east,^®® 
or (less convincingly) by a westiivard drag of the uplifted lands under the 
influence of the earth^s rotation^^^® 

The hypotheses already familiar to us but rejected in connexion with 
U-valleys and rock-basins have been applied to fjords too. For example, 
glaciers prevented the filling in of fjordsl^* (sec p- 265) and melt-waters, 
flowing sub- or extra-glaciallyi^^ or laterally^ (see p+ 33^)^ were responsible 
for the excavation. Interglacial streams, alternating with glaciation, have 
also been invoked (see p. 331)- H- Rciisch,^^^ in particular! interpreted 
marginal ledges in the fjords, e.g. in the Sogne and Graven fjords, as unob- 

literated vestiges. _ ■ l i. 

However much truth may lurk in these contentions,, it is certain mat the 
Glacial period seriously modified the relief of fjord lands and considerably 
deepened their vallevs; the deepening has been computed at r. 600 m in 
British Columbia!'1000 m in Nonvay^^^ and 1100 m in the Sogncfjordll® 
(see above). 

The glacier tongues undercut the sides of the marginal nunataks into steep! 
conical mountains or "back-fins” with a more or less circular base. Ti^ 
appelation given to such isolated cones, features of coastal mountains, fjora 
walls and islands! is in Greenland!^® and in Norway,^as in 

the Lofoten Islands and in the By\ Sostre (Seven Sisters), Torghatten 
and Hastman. Tinds may be completely isolated or may be simply nmre 
sharply accentuated points of the jagged lines of ridges. Unlike homs 
{see pp 306)^ they are rounded and niarginal to the ice. 

Adverse arguments. Apart from an unwillingness to ascribe such 
enormous results to glacial erosion, critics have opposed the theory of glacial 
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excavation because many fjords athu'art the tcC'flovi' are as deep as those 
which coincide with ; the line of deepest water i$ sinuous and often 
wanders from the axis or to the outside of bends^^^ the fjords iti Norway are 
too deep to have been hJJcd with ice (the Sognefjord was occupied to a 
height of only 700 or too wide to have been eroded by they are 
absent from some areas of severe glaciation, as in cast Scotland j and they 
occufj as in Dalmatia (sec above) or north Greenland,in unglaciatcd 
regions or continue as depressions across the continental shelf. 

Modihed rejuvenation gorges. These arguments, in so far as they are 
legitimate, are reconcilable with the theory already established for U-valleys, 
namely, that fjords are glacially modified immature valleys,^’® rejuvenated 
by terrestrial upheaval, less probably, by a lowering of the sca.i» I his view 
is prompted not only by the difficulties that the hypothesis of complete glacial 
excavation meets but for other reasons, several of them as applicable to fjords 
^ U-valleys. Thus the shoulder is rounded*^like a human forehead" 
as Richter'^l expressed it; the Saekkidat or blind and steep inner end is the 
^alo^e of the the fjord passes into the typical U-valley, the 

tjord %'aljey , now* generally recognised as a modified rejuvenated vallev; 
remnants of preglac^l forms and small V-shaped lateral valleys are presen-ed 
valleys, e.g. in British Columbia and south Alaska, 
which traverse the width of the coastal ranges, arc of high antiquity, 

I he elevated and dissected peneplains which sweep hack from the top of 
the fjord waUs in Ubrador,!^® Spitsbergen,Iceland ,137 Greenland ,138 Nor- 
way . ew Zealand (see below) are probably the best vindication: they 

oemonsmte a late -1 ertiary rejuvenaUon (occasionally denied 1 «). This 
plain IS l^t known in Norway; it is the fjtid, fjdl or Z'idde, the “palacic 
p^ain of ReuschJ« Surmounted by monadnocks, e.g. Jotunheim and 
I^vre and i^lf subject to a Gfoss/nilung (Norw. Stor/oldnwg) in the opinion 
0 some geolo^su, It stretches above the chasm-like fjords as a broad, open 
^ ulaltng platform, studded with innumerable lakes and marshes 
an ^ 1 ^*^ y i'' mafere valleys. Its highly icc-wom surface, which 
aboimds m roches moutonnees and is bestrewm with erratics, supports only a 
? vegetation of m,^. lichen and a fmv shrubs. Though influenced by 
the hardness of the rocks, it is mainly independent of both strata and stnic- 
ure. cusc reco^ised ^'o peneplains, a higher one of Mesozoic age at 
t« 1 ^ and ni. ^her 

^ Miocene 

also thought to be an 

merthrust plane or a re-appeanng Pre-Cambrian surface.i^ In south 
Norway and m north Scandinavia three or more plains are developed,!'*^ in 
general with vertical mtcrviils of 200 m. eiopcu, 

A similar uplift elevated the "intermediate peneplain" of Scotlandl^ 
which occurs at 800-1000 ft fr j , , 

the Tfrtian.- A ^ succeeded the intrusion of 

inShiUSy'rfoSl'^ ''wch’indJd 


TECTON’IC INFLUENCE 


349 

behaviour and form of fjords, especially the SpallenJjordf, Fjords, it is said, 
arc generally restricted to uplifted lands and coincide with longitudinal and 
transverse coasts'^"; they are straight and lie along faults or joints, as 
in north llclgeland, in the 1 lardangerfjord and in Oslofjord whose 
deepest part is tectonically most depressed; their plan resembles in its straight 
and parallel lines, e.g. in islands, peninsulas, bays, bends and angular inter¬ 
sections, a system of fractures rather than a dcndriticaJly branching river- 
system*^^; fjords are parallel in the Julianehaab granite with the most 
important dykes radiating from the batholues*^^; and they dissect folded 
regions in north Green land, 'fhe closeness and in some cases insignifi¬ 

cance of their drainage areas are inconsistent with river-channels.*^® 

Gregory,'®* who repeatedly urged the connexion, recognised the following 
three types in Scotland; (ff) rift valleys, €.g, the Sounds of Sleat and Islay; 

shatter-belts, e.g. Kerrara Sound; and (r) subsidences along single faults, 
e.g- Lochs Linnhe, I^omond and Maree. O. lloltedahl*®^ has repeatedly 
emphasised the importance of marginal fault lines in the shelf areas off some 
high northern lands, e.g. Scandinavia, Spitsbergen and Greenland, though ice 
has modified the river-channels into trough-like basins. Drygalski *®® related 
fjords to contraction processes in polar regions. 

The view that fjords are preglaciai valleys coincident with tectonic lines, 
e.g. axes of folds, shatter-belts, crush-2oncs, joints and contacts of gwlogical 
formations, has been widely expressed for most fjord countries*®^ (Scotland, 
Nonvay, Iceland, Faeroes, Spitsbergen, Greenland, Labrador, British 
Columbia, New Zealand and Kerguelen), Faults control the features in 
several parts of Fennoscandia,**® and in Norway the fjords rtin along the 
axes of folds or of fissures normal to them while in the stiff foreland which 
lacks Caledonian lines they are small and rare.*** The Sogne ^d 
Hardanger fjords lie in synclincs of relatively weak sediments or schists 
enclosed by massive crystalline rocks, 

^rhis relationship is undeniable; yet geologists differ concerning the extent 
of such influence. Some regard fjords a.s purely tectonic,**^ open chasms, 
slightly widened by clearing out crushed and broken rock (the parabolic 
cross-sections in the west Greenland gneisses were due to the curv'ature of 
the joints*“ and the Morkefjord, cast Greenland, was younger than glacia- 
tion'M). Others think that ice-eroaion was only secondary and selective.i*® 
Others again consider that Uctonic lines merely guided and facilitated 
denudation,*** 

The reaction against the catastrophic school of Geology probably went too 
far in its virtual neglect of the tectonic influence upon valley direction and 
form. 'Fcctonic lines, with crush Mnes, infaulted strips and iveak rocks, 
have without [Question given many fjords their rectangular and geometrical 
pattern (they nullify the objection that such rejuvenated valleys should have 
incised meanders**^). Yet tectonic forces did not cause the openings; they 
merely provided lines of wealtness favou table to rapid erosion by water an d ice. 

Such movements are probably more important in the case of the Norwegian 
Channel which, averaging 104 km in width, skirts south Non%'ay for S90 km 
and descends from a threshold at “273 m to —382 fathoms (699 m) near its 
head*** (sec fig. 232). iMthough it may have been the course of a preglaciai 
river,*** possibly the AfnarpsJloJ^'^ (5^ p. 281), and have been moulded 
somew'hat by ice*^* (of. p. aiz), it resulted primarily from late- rertiary trough 
faulting*’^ or flexuring,*^® It is related to definite tectonic lines in Scania 
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and central Sweden, to dislocations which skirt the Norwegian coast from 
north to south and to present seismic disturbances. 

Nature of thresholds. The most important factor in the fjord problem 
is the nature of the thresholds. On the analogy of the fjord-valley, these are 
probably not all alike; some may be moraines, others solid rock with or with¬ 
out a morainic cover. Soundings alone fail to distinguish them and conclusive 
proof is in any one case hard to obtain, l"hey are ascribed to morainic 
material landslippcd from the sides of the valley or to alluvial bars,!^ as 
has been established for example for the mouth of Yakutat Bay, Alaska, and 
for some Patagonian fjords. They are also regarded, either generallyor 
in particular regions,e,g, Iceland# Scandinavia^ Alaska or Patagonia^ as 
terminal moraines piled up on a floor which sloped outwards w^ith a normal 
river profile. The valleys^ it is said, continue across the continental shelf 
but are obscured by sediments, chiefly drift; the shoaling of the Norwegian 
Channel opposite the coast betw'ecn Bergen and Stavanger has been so 
explained,!^! 

Some thresholds are indubitably partly rnoraine,^®^ Yet occasional 
erratics^ dredged from a threshold# as in Greenland,do not prove it to be 
morainic any more than waters flowing over rock prove it to be solid through¬ 
out Nevertheless, many geologists urge that the tlirc&holds are solid, 
including that of the Sognefjord**^ tvhich is overlain by 158 m of water and 
is made of hard Devonian conglomerate. Rock is exposed ^8*^ in them or in 
artificial sections or in a series of islands which spans the fjord, or, if just 
awash as in Inland or at Connell Ferry, Loch Etive, Scotland, gives rise: to 
falls at low tidcH Moreover# thresholds occur tvhere on the glacial theory 
tliey should be expected,e,g, w here the valley changes its character or where 
the ice-pressure tvas diminished by spreadings by the obstacle of the skerry 
guard, or by meltings 1 hey are associated with spurs and contractions at the 
entrance to sounds and are analogous with harriers in fjord-valleys, Fhe 
enormous moraines that the riv^al hypotht^is rerjuires are highly unlikely and 
unknown elsewhere, 1 hey conflict in shape with the extremely low slope 
of the contre-pente {see p, 343 )h 

1 he basins behind the threshold.^ arc of course an integral part of the 
question. They have been attributed to ice-erosion ^ 8® because they resemble 
the rock-ba^ns of U-valley's; their depths \iiry in adjacent fjords (basins and 
swells are the expression of a rhjthmic plunging and rising of the glacier 
related to incoming tributariesand in Finnmark coincide with gneiss- 
granite outcrops which facilitated pluckingl^^; and the deepest Nonvegian 
fjords, e.g, So^e Tys fjords, are situated in uplands which were suffi¬ 
ciently tug and high to ensure a oonsiderable flow',^^^ Although thi$ gives 
I iM m for the gladal oycrdeepcning of the Sognefjord (see p, 347) erosion 
of hve rock on this sede is repudiated by those who would restrict it to 
detraction (see p, 271), 

^ver^l geologists,tJ 3 foUeving A, E, Tomebohm,i^4 ^ backward 

tdttng of the country^ like that postulated for the subalpine lakes (^e p. 278), 
especially tho^ of north Italy to which, as Peschel pointed out, the basins 
present a stnking morphological likeness, De Geeri ^5 this origin 

and attributed fjords to a lacruHng which accompanied a late-Tertiary 

T ^ "Atlantik- and 

a radid displac^^^^^ The extension to a 

force acting ail round the North Atlantic and as far as the is im- 
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probable. However plausible De Geer's hypothesis inay be^ it is very doubt¬ 
ful whether a tilting of the required complexity can be accepted as a general 
cause. Indeed, the strandflal's hori:£ontalit>^ and the behaviour of the older 
peneplains show that it has not taken place. 

In fine^ the greater depth of the inner end of the fjords has been explained 
by ice-crosion^the action began here and lasted longest by pluc^ng in 
fissure-zones^^ J by bending and tectonic jnovementSj^^ possibly still con¬ 
tinuing in north-east Greenland—the greatest depth in the area of 
deepest SpaltinbiUyfig^^; by deposition of moraines and drift at the mouths 
of preglacial valleysand by backward tilting due to tectonic movements 
or isostatic depression (see below). 

Submergence of fjords- Since Dana's paper of 1849* the opinion has 
been widely held^^ in both Europe and North America that fjords are pre- 
glacial stream channels modified by ice and drowned by an epiglacial sub¬ 
mergence from which the fjord countries have only partially recovered 
(see ch. XL\^. Submergence (which is naturally more difficult to prove than 
emergence) is demonstrated, it is $aid, by submerged hanging valleys, c-g- 
in College Fjord, Alaska, and in British Columbia; by submerged confluence 
steps,^*^ cirques and pot-holes, as about Saltenfjordp Norvvay^^; by valleys 
in the continental shelf (see p. 1240); and, less convincingly, by submerged 
coasts south of the glaciation, as in Califomia,^^ But the strandflat lies near 
present sea-level (see 1^50) and fresh^vater deposits of interglacial age at 
Hemosand, Norway, occur also just at that levelMoreover, the con¬ 
tinental shelf persists at the same depth around west Europe; and the world s 
shores outside the glaciated regions have not been similarly subrnerged. 
Consequently^ as noticed already, backward tilting of the fjord-lands is sub¬ 
stituted for direct submergence. The cause of the tilting is obscure; it is 
sought in an isostatic depression, a big part of which has persisted(we 
p* 1317)^ or in some action possibly of a tectonic or deep-seated nature. 
Marginal fiexuring has also been invoked 

Glacial erosionfsts, almost until the end of the last centn^v believed that a 
late submergence drowned the vall^s* ^I'he necessity for it rested upon the 
assumption, usually made and occasionally given quantitative form, that when 
a glacier entered a sea too shallow to float it, part of the ice equal in weight to 
the displaced water was sustained so that the glacier's pressure on its bed and 
its erosive efficiency were correspondingly diminished. Gilbert,^following 
a lead by others,^^^ disputed this. He showed that the basal erosion re¬ 
mained unreduced so long as a glacier kept contact \sith its bed and there was 
no film of sea-water along its sole. The only possible reduction arose from 
the slowing dow^i of the glacier by the mass of w^ater to be displaced, and even 
this may have been more than counterbalanced by the increased flow due to 
calving at the snout (see p, 104)—a glacier 900 m thick w'ould continue to 
erode its floor even when this submerged to a depth of c. 8ao 
Gilbert's vie^v was supported on general grounds (W. M. Davis found 
evidence of sublacuatrinc glacial erosion in Montana) and applied to New 
Zealand and South Georgia.Thus fjords w^erc glacially eroded to their 
present depth when the land bore approximately the same relationship to 
sea-level as it does to-day*^ 

Coticlusions- Fjords were probably originally deep and wide canj^na 
wdth short spurs and hanging valleys resulting from Tertiary rejuvenation. 
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Their courses correspond with the regional tread and slope of tlie country, 
with the variable resistance of the rocks and structures, and with the pres^alent 
joint and fault sj^tems; their de^li and character were determined by running 
water and weathering. Ice-erosion along these valleys, though absolutely 
great, relatively smallt^^ except In the deep fjord-bssins. The spurs 
w^ere faceted or removed^ the sides straightened and smoothed, the valley- 
heads steepened and exaggerated, and the rock-basins hollowed into their floor. 
The present submergence is incidental in the sense that the height of the floor 
depends upon erosion: the ice retired and the sea came in (pL XIb, opposite). 


3 - Fjdrds 

Form and dislributloii. FJirds are more or less paralle! valleys w^hich 
exhibit cun^ed lines, gentle slopes and indented and relatively low, island- 
strewn she res They diflcTj therefore, from fjords in their broader and 



Fig. 64 — Mip of the (jtrds md radiatinH system of und wSndmir valleys of sGUth 


Icss regular ouilmea^ and from rias because their wider parts frequtntiv 
include deep basins, sometimes with rock-bais and thresholds 
Fjardsare found in Sweden bcti^een Warberg and Oslofjo'rd where they 
change mto the fjord type ^ They arc also seen on the islands of Olmd 
Osel and in tstonia^^J; Non\ay 226 . Scotland^^T Loch 

Crman around Aresa.g m the Shetland Islands, Barra and Lewis; and in 
Nova bcotia, Newfoundland and parts of north Canada, 22 S The inlets of 










Pl.mk XI 



A. SehlitfjTfciiKe and ^chliffbord, Grimsel Pass 
['IVansmiUcd hy H* Lfiuts] 



H. (ildciatcd scenen^ Ikeragsiiqstjak^ Greenland, uiih L"-valley and a 
fjnid showinjj the accident " of subinerf^ence [A. Courtauld] 
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Pl^te XIl 



A, ftectian in houlder-cliiy near Killiecrankie station, IVrlhshire^ Scotland 
[GcuL Surv', Ct. Britain : Crown copyright] 



B. Drumtm country lookini^ north-tast over Castt«au1 field, Co. Tyrone 
[J^ K, St, Joseph : Crown copyright] 
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MairiCt U.S.Ah 2 ^® belong here with the exception of Somes Sound, Mount 
Desert Island, which is a fjord. Kergudeo has transitional forms.^ao 
Origm. Fjardsp unlike fjordsp occur in lowbnds or peneplains. They 
are restricted to gbciated areas and run parallel with the ice-flow and, accord¬ 
ing to De Geer."-^l with joint system^. Werth+^^ who discussed their re¬ 
lationship to fjords and fdhrdes, regarded fjords as the product of ^'allcy 
glaciers, fjords of ice-shects. He considered that the south Swedish fjards 
continued in the periphery the great radial system of lakes and winding 
valley s of the interior (fig. 64): the lake chains and radial basins were parallel 
w'ith the ice-flow and were formed, in intirriate connexion with the osar, by 
radiating subglaeial streams flowmg eastwards and upwards towards the edge 
of the ice and the least pressure. At the centre of the fan lie the big lakes of 
Sw^eden. Gregory ascribed them to a partial submergence of a low, 
irregular surface of hard rocks \vhile P. Stolpe-^-^ emphasised that the rocks 
in fjord and fjard countries Avere different. Pjards* therefore^ are preglacial 
valleys in lowland relief modified by subgbeial waters and direct ice-erosion. 

j. Fdhrdes 

Form and distribution. Fordes or FGhrdes {F^rden)^ which Gregory' 235 
fully described, are relatively shallow, submerged valleys which branch at 
their heads into several subaerial valleys, containing a number of lakes 
separated by shallotvs. The gradients of their floors A-ary from I in 3OO to 
I in 1400.23d Flensburger Fohrde, 40 km in length, is typical (fig. 65). 
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Fohrdes are found in Schleswig-Holstein and Denmark between Kiel Bay 
and Liim fjord and J^Tariager I'jord — they were formed in association with the 
Dalccarlian-Baltic ice^sSand constitute a Cimbrian coastal type, 'fhey also 
occur on the coast of north Canada and the ofBying islands^J® qji Long 
Island, New Vork,2« and in north-west Patagonia. 24 i There are none on 
the southern Baltic coast because the surface forms are differential or 
current-home detritus has (inverted them into Haff-t 243 

was no genetic difference betw'een fjirds and 
fohrdes, Dinse, 24 S however, aflirmed that fbhrdea characterise low, young 
coasts, as in the Cimbrian Peninsula, and fJSrds low, old coasts. Drv'galski 246 
distinguished betiveen fjards in regions sloping away in the direction of ice- 
ow', as in Sweden, and fohrdes in Lands, such as Holstein, which slope to¬ 
wards the ice. 


Origin. Fohrdes ha%'e occasionally been deemed to be subaerial vallevs 
w'hich ha\ c been tilted and submerged .247 More commonly, they have been 
considered to ^ drowned Rianensmt (sec p. 241) or TunneldaU,^^^ the higher 
parts, as in Sch]cswig, 24 » occupied by freshwater Rinttmteai. Subgiacial (or 
interg acial ) sucanis eroded the vallcj's 2 S 1 (poss i bly along tectonic I i nes 252 ). 
1 hus con^ and dejecdon deltas were deposited at their mouths and they were 
connecte "with osar: if the ice changed its direction new tunnel valleys may 

vdleys 25 J (cf. p. 4a I). Ice-erosion has someti mes 
mobbed them during periods of oscillation,254 5 ^ by K, OlbrichCs Baltic 
rradvarice,25S ^ his “exaration landscape". Some, indeed, ascribe 
the basins solely or e^ntiaJly to ice-crasion256 and regard them as Zungen^ 
(^c p. ayo): the valleys narrow and shaUow tow-ards their distal end 
and their shape is not that of subglacial channels. Others prefer to 
think the fohrdes were preglacial and merely moulded by ice.257 The bars 
have been interpreted as retreat moraines.25« 

It is generally held,2» though Werth^W) dissented, that their present 

1 ittWnt ofL'usually correlated with the 
i)if>hth I b 1 h ^Vahiiachaift: obsen^ed that they are bound up 

withthel^es Me-chamsandif,„nfir,«™of the irregular moranic accomuk- 
hr™ south of the Baltic. If the moraines are high and fairlv far from the 

Mecklenburg and the south Baltic "region, 263 the 
^Uows are ^pied by fresh ivater; where low and near the coasL as in 

theiti .264 The Bodden 

Mecklenburg, shallow and round hollows, are the 
submerged round basins of the lake-plateau .265 
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Chapter XVI 


DRIFT 

Importance. Drift; a term introduced by Lyeil* and widely used to¬ 
day though without the early impLication that it was "drifted"^ by water or 
floating ice (see ch. XXX), is a generic name for accumulations referable 
directly or indirectly to the Pleistocene ice. It comprises much of the loose 
and incoherent superficial deposits, such as clays^ sands and gravels, in 
glaciated countries p Unobtrusive in appearance—unlike glacial erosive 
features it is rarely scenically impressive—it seldom rivals in thickne^ the 
older geological formations^ notwithstanding the exceptional Rgurca oc¬ 
casionally recorded (see p. 223)+ Nevertheless, in its distribution, the drift 
is scarcely, if at all, inferior to preceding formations; its extent has been 
estimated at 7-8% of the land-surface of the earth^ (3^% Europe, 23% of 
North America) and its volume at 600,000 cu. km.^ 

A study of the drift is necessary in connexion with most constructional 
works, t.gr for canals and roads ^ for surface and undeiground railw'ays, and 
for foundations of all kinds. The drift is an important source of under¬ 
ground water (obtained from fluvioglacial gravels, terraces, loess and inter¬ 
glacial horizons), as in Russia,^ and of materials for buildings»roads, railways, 
dams and cands, of sands for cements, glass-makings moulding and filter 
purposes, of clays for bricks and tiles and of diatomite, for various uses; 
their gainful utilisation calls for all-round practical and theoretical studies, 
'Fhe materials are being removed on a very large scale. Thus a yearns con¬ 
sumption of glacial gravel in SAveden at present amounts to about 7 million 
cu. m, representing a length of about 35 km of an ose of normal size.^ 

Glacial or glacigene^ deposits are also of prime importance to the agricub 
turist. To them the land owes much of its fertility and even much of its 
ability to be cultivated - in hilly areas, for example, the drift boundary often 
marks w^ith great precision the limit of tillage. The drift is on an average 
very' much more fertile than the older rocks, since detritus derived mechanicafly 
from many kinds of rock containing a high percentage of soluble plant fesods, 
has led to a w^ide diversity' of soil. Glaciated Wisconsin, for example^ is much 
superior to the unglaciated part of the state in the area, value and productivity 
of the farmlands and in the density of the rural population J In England 
Anglo-Saxon settlements are related to the gravel distributions.^ The various 
ty'pes of drift have their influence on the distribution of the water plants in 
north Europe,^ The effect was only detrimental in mountainous regions 
where clearing away the stones has been one of the hardest tasks of the 
cultivator. 

General character^ The drift is exposed in artificial sections and in raw 
scars of streams and coasts and in runnels and gashes made by rain. Its 
depth, which may introduce magnetic anomalies, varies much according 
to the Underlying relief, to the amount of loose debris strewn in the path of 
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the ice, to the changing conditions under and at the matgin of the iccp and to 
the resistance of the local rocks to glacial erosion. It is unusually great 
where, as in north Germany»soft rocks {Cretaceous and Tertiary) were readily 
converted into drift, l^hick drifts are oommonly found in valley bottoms, 
across the mouths of tributary valleys, in the lee of hjl] spurs, and in places 
w'here the icc had opportunity to spread out beyond a pass or narrow^ valley 
which had restricted its flow.^J 

The thickness, if there are enough data, can be portrayed by " isopachytcs ” 
or lines of equal thickmss* Such mapSp which are readily constmctedp^^ have 
been drawn for many areaSp including the Pulish piain,^^ the morainic terrain 
of south-west Finlandia and the districts around Kobenhavni^ and 
KdnigsbergJ® 

Glacial deposits w^ere produced mechanically and chernically. Even small 
fragments in coarse sands are angular^ broken and unabraded j their shape is 
usually governed by rock-structures. 

Classification, The tenden^ of strata to be impersi stent and less con¬ 
solidated and to alternate I which is increasingly revealed as w'e proceed through 
later geological histoiy', culminated in the Quaterruiry era. ^I'he rapid change 
in facies and local extent of the beds is carried further in this era: Oilusium 

jschaos^n 


The drift s topographical expression is as varied! as its structure and 
arrangement Studies in glacierised and glaciated areas, just as in the case of 
glacial erosion, supply keys to the glaciological processes which made the 
drift. All types of glacier, hotvever, need to be examined, since the ice in its 
waxing and w’aning passed through all of them. Too rigid adherence to 
lessons learned in the Alps has led to misconceptiona and errors. Even 
modem ice-sheels which best exemplify the Pleistocene conditions are un¬ 
fortunately of little help; they either end in the sea to hide their marginal 
phenomena from inspection, as in the Antarctic, or thev terminate on lands 
of hard rock which generate little detritus. Thus there are almost no 
morait^s in east Greenland, 18 and fluvHoglacial debris on Jameson l.and, 
north Greenland, has only a small distribution and an origin which is by no 
me^ns cemm.i^ Moraines may, however, occur on the fjord floors. 

The infinite diversity of the drift makes diverse interpretations possible 
and inevitably introduces the individual judgment of the investigator in 
classifying them, bcvcral attempts have been made to do this 2®: the basis 
may be smi^ro. form genesis, or time-relation. Form, the basis of W. J. 
McCcc s scheme,- is like stnicture alone insufficient. Time-relation would 
doubtless be useful were our knowledge not so imperfect. J. B. Woodworth ^ 
has employed the relation of the icc-contaet. Genesis, combined with form 
and structure^ is Uiei^al basis and underlies to some extent the methods of 
{ . ■ *. Chamberlin,- 1 he subjoined classification, which 

takes these conditions into ^ount and is largely based on Chamberlin, 
recognise the m^n types which m the past have been differentiated. It is 
Ere" ^ "’“y accumulations is still 

'Hie ill-defincd nature of m^y patches of stmlified dHft, in particular the 
incipient vallev'-tRims, outwash fans, kames and osar, makes it very often 

p‘^per place in the classification v^th any 
deg^ of confidence. Jt but emphasises the complexity of the processes of 
deglaciation which the diverse accumulations of the table suggest. 
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Classification qJ the Drift 

I. Within the Area of the Ice 

I . By^ en- or subglacial streams 
(i) Osar (in part) 
a. By ice and streams 
(i) Erratics 

3. Ground products of ice 

(i) Boulder-clay {moraine profmde) 

(a) Till sheet 
{b) Drumlin 
(r) Crag-tail 
(rf) Pre-crag 

(ii) Marginal moraine 

{a) Lateral 
(i) Terminal 

IL Estraglacially—flu’vHoglaciai 
I. Free drainage 

(a) Kame-moraine 
(i) Osar (in part) 

(r) Fan 
(i^ Valley train 
(f) Outivash apron 
{/) Outwash and pitted plain 
2 * Ponded drainage (shallow or deep) 

(]) Glado-lacustrine 

(a) Delta 

(b) Terrace or beach 
(f) Lakc-tvarp 

(J) Ice-rafted erratics 
(ii) Glacio-marine (shallow or deep) 

(а) Delta 

(б) Glacio-natant boulder-clay 
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ERRATICS 


Gcner^L ErtiaficsF are fragiTkejjt& of nock which ice or its streams have 
transported from their parent source. The limitation to fragments wliich 
had traveiled only an appreciable distance cea$cd to be imposed w^ithin a 
decade of its suggestion by J* de Charpentier: the distance is limited only by 
that the ice travelled. 


Erraticsj. which may be embedded in till or rest on rotk^ on other erratics 
or on any kind of drift, vary in size from small pieces to huge boulders. The 
latter, the erratic blocks^ of Brongniart and De la Bcche^ early attracted 
attention because of their dimensions and often impressive difference in com¬ 
position and colour from the underlying rocks. They were topics of popular 
legend as in Scotland^ where they served for the purposes of commemoration, 
congregation^ worship, alignment* sepulture, the trial of offenders* the con- 
trai^ng of engagements and as objects of superstition. They were used in 
prehistoric monuments, as in standing ston^, dolmens and stone drclesi^ 
specially where they abounded, e.g. in Sjaelland, Holland and north 
Germany, and in later monuments, as in gravestones, the pedestal of Peter 
the Great in Leningrad,'^ or the Hindenburgstein of Tannenberg^ (Rapakivi 
granite from the Aland Islands), 

^ In early days, the larger ones at least were preserv'cd: they were venerated 
m connexion T.vith cults or religions. In later times, though some* as the 
result of the efforts of A. Favre in Switzerland and A. Falsan and E. Chantre 
in France, have been declared inviolable,« they have generally been ruthlessly 
destroyed or removed through the activities of the agriculturist, builder and 
enpneer. They have been used to pave and vs^all roads and to build castles 
^d churches, aa in East Anglia or Russia. Erratics of Scandinavian granite 
have b^n employed m north German >nllages^ and in dvkes and harbour 
walla along the Dutch and German coast,a and limestones have been burnt 
or ime. Roads in Germany* Poland and Russia since time immemorial 
have httJi paved w ith them—in Mecklenburg-Schwerin over 1,650,000 cu, m 
o erra ics ^ \e been so used. Their abundance in mountainous areas 
impc es agricultural operations and here and elsewhere has caused them to 
be used to border fields. 


Erram have enlarged our palaeontological knowledge of particular for- 
of Bryozoa, Oatracoda and Phyllocardiae, the trilo- 
bi^ and brachiopods of P^saia. or the molluscs of the Senonian. They 
ha^e helped m tracing vduable ores, as in FennoscandSal^-^D. Tilas noticed 
this m 1740-and of gold^ tungsten and coal in Nova Scotia*l 2 as well as in 
Remaining the comp^ition of pans of the inaccessible sea-Hoor (see p. 369) 
nJ f,'** demonstrated by the emfiamhrL Gesth^ 

tL r Vi " particular horizon, 

discovered < V ^ ^ prove. for example, that rocks still un- 

gI™Lv 16 ^ M Pliocene lies beneath north 

thcTSon bU n formerly existed north of Finchley in 

the London Basm.l^ They have revealed the secret of the “blue quai^” 
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whose colour is due to ^most ultra-microscopic needles of rutile.^® So im- 
portani are they that a special study is devoted to them: the Zeiischtift fiir 
Geschiebe/orschuftg (1925-42) provided for the publication of the results. 
The amber used by palaeolithic man in the Moravian Gale may have been 
transported thither from the Baltic region by ice.^^ 

The most resistant and durable materials have usually travelled farthest and 
surv Ivcd the journey best. Hard and well-jointed rocks^ e+g. from dykes or 
sills, are generally well represented and granites have a disproportionately 
large share.^^ They aJh however^ become smaller^ rounder and fewer as they 
move away from their source—^G. B* Greenlough^^ discovered this as early 
as 1814 and Murchison^ noticed it on the plains of Russia. Small pebbles 
in particular disappear rapidly, resistance being inversely proportional to 
size 23 Rocks, like the Skiddaw Slates of the Lake District ,24 which do not 
lend themselves to plucking have few^ erratics. 

Gigantic erratics^ Erratics are sometimes gigantic. Classical examples 
are the boulders^ accommodating quarries, near Montheyp and pierre-d-bot, 
of protogme granite from the Mont Blanc massif and of 137® cu. m content, 
on the flanks of the Jura Mountains lOO m above Neuch§tel. 2 ^^ Switzerland 
has numerous other ■cxamples. 2 ^ Scotland has many erratics each over 
100 tons in w^eight.^^. Others^ usually of Secondary strata^ occur elsewhere 
in Britain I notably near the North Sea from Caithness to the eastern counties 
of England tvhere they axe mostly in die Great Chalky Boulder-clay. Men¬ 
tion may be made of tke Leav-ad erratic of Cretaceous rock, c* 200 m by ^37 ^ 
by 8 m, in Caithness^^; the Coniston boulder, 46 m longt near Edinburgh ; 
the Kidlaw' limestone boulder of East Lothian, c* 530 m by £, 400 rrv^ 
stone boulders extensively quarried for years in Kiltnux Den+ Fife » a 
raft of Great Limestone, fully 3 oo m long, in Northumberland ^2 ♦ Lincoln¬ 
shire Limestone at Great Potton and other places, over 300 m long^^- 
Lincolnsbire Oolite at Marston,^^ 275 m by 90 m north-west of Melton 
Mowbray,^^ and 180 m long at Beacon Kilh RutlandGault, Cambridge 
Greensand and Chalk, 412 m long, in Kimmcridge Clay at Roslyn Hole near 
Ely 37 ; Chalk at Catsworth, Huntingdonshire, with a village perched^ upon 
its back^B; Ampthill Clay, 20-5 m thick, at Biggleswade, Bedfordsbim ^ 
Kimmendge Clay above Greensand near South Runcton, Norfolk. Else¬ 
where in Britain large boulders are scarce; they include a Carboniferous 
Limestone erratic^ 90 m long, in Anglesey'*^ and a grit boulder, 180 m long, 

near Abergavenny .^2 j ^ i- 

Comparable masses have been described from the mainland of Europe, 
e.g. near the Baltic^ near Leningrad and the Valdai Hills, and not^-w^t 
of Moscow in Russia'*^ {farther south they broke up in transmit); in Finland 
where they are very common and as big as cottag^'^; erratip in 

Scania, up to S50 m long and 15 m thickand similar Chalk erratic, 
several mQes or kilometrea long, in Sjaelland, Schleswig-Holstein, Mecklen¬ 
burg and Pomerania. _ ^ u - 

Germany’s biggest surface erratic is the Grosse of Gr. Tycnow in 

Pomerania, a gametiferous gneiss 16-9 m long, 11-25 ^ broad and^ 44 m 
circumference. Denmark's Damesten is a granite mass 45-8 m in circum¬ 
ference.^® ’'Phese are, however, far surpassed by the hu^ masses {Saiofiett) 
which have been frequently described and figured.'^^ T he largest are _up to 
4 km bv 2 km and 120 m thick*^® About one-half arc of Tertiary and one- 
third of Cretaceous clap and sands. iTie rest consist of mterglacial 
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{especially in Schleswig-Holstein and Denmark) and glacial deposits with an 
occasional mass of PalaeoKoic rock,^^ These Sfhotkn, about 450 in number^ 
are almost all in the Upper Diluvium (only in Schleswig-Holstein are they 
plentiful outside the later drift) and rapidly become fewer to the south. 
Gravity and magnetic anomalies are related lo their distribution.-^ 

Similar erratics are not unknowTi in North America. FdmestoneSp weigh- 
13*5™ tonSj in Ohio a few miles from their source, ^3 thin Ordovician 
shalcp acTe$ in extent, in Minnesota,the Madison Boulder (granite) near 
Conway, New^ Hampshire’^ (10,000 tons), the haystacks^' of basalt, weigh¬ 
ing thousands of tons each above the Columbia valley,'^ and a quartzite 
erratic in south-TiVest Mberta, measuring 24-5 m by 12 m and g m high and 
weighing 18,150 tons,^^ may serve as evamplea- 
Method of dis Lodgment. The hugeness of these erratics Jed early 
writers, who only imperfectly realised the transporting power of ice^ to con¬ 
sider them to be in as in 'Scania,^^ or to have faulted junctions, incredibly 
complex, as about the Hoslyn Boulder.Interest is now focused upon the 
actual way the ice quarried them, notably those which are thin compared wuth 
their superficies. That the method varied is certain. A few' slipped from 
rocks on to the ice^ or originated when drift-filled roofs of subglaciai stream 
tunnels collapsed.^^ Many were removed from steep coasts (e.g. the Glint) 
or valley sidesor from the lee faces of cliffs or ridges- — the gigantic erractics 
of Marlstone w^hich trail south of Grantham for 12 miles (c. zo km) south of 
east were plucked from the disturbed and broken escarpment near that place^*^^ 
lodges were pressed into slight folds without fracture or transportation, or 
Were disrupted into erratics*^ covering acres of ground or measuring 30 m 
in length. Outliers were dislodged in this way.^^ In a boring 280 m deep 
near Rostock, Tertiary rocks and drift were repeated six times.^ 

To secure the irregular surface thought necessary for such quariydngj^^ as 
Well as to explain the structures of Mocn, Riigen^ etc* (f^e p- ^ 57 ), German 
geo]Clasts have invoked interglacial fault-scarps,*^ asserting that the Scholkt^ 
are diatributed along north-west-south-cast tectonic lines^ or that their 
thickness is related to the throw of the fault JO ThU deriv-ation, though sup¬ 
ported by the sedimentary petrography of the drifts,"^^ is questioned by those 
who ascribe the disturbances to glacio-static forces (during the Warthc or 
Brandenburg advices^2) or derive the erratics from the cliffs 73 inter- 
^ valleys or the sea or from the action of frost and plucking.^** 

(^her large erratics of plastic material have been sheared off the summits 
of folds produced by advancing ke (see p. 256) or obtained by thrusting in 
frozen g^und, the sand, clay, etc.^ being carried as frozen masses or 
ngi es . IVlany were prized off by tongues of boulder-clay» sand, etc.^ 
squeezed along bedding planes in strata beneath the ice, especially on rising 
ground or in the lee of deep valleys athwart the flow ,77 perhaps during a 
sudden advance following a long pause.^S The beds broke along joint planes, 
opened po^ibly by frost p. 301), and moved for^vard bodily* Such in¬ 
trusive w^edgw have been mentioned many times since J. first recorded 

Americano and in Britain (in Trias 
in Cheshire and Llgin—the dnft penetrated 360 ft (no m) from the fac^ 

Upminster, in thin Crag sands in East Anglia, and in 
Chalk and Me^zoic clays). They have been found also in Sweden,as bv 

northT^'^n! 'I rignifieance, and not infrequeutly in 

north Germany where beds of brown cod are mined in the drifts of Saxony. 
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The Glacier de Tricnt in 1818 insinuated itself beti^'cen the solid rock and 
soil w If the strata dip ice wards, the blocks may not only be ttvisted out of 
position but tilted at a high angle or inverted, like an arm still united at the 
base, and pushed forward out of place.®* 

Erratic-trains. Ertatica lie on or within the drift in Imts extending from 
the lee of crags or knobs of igneous or other rock. To furnish such a stteam, 
the traiii^£ of early geologists, a parent rock should satisfy certain eonditioi^, 
it should be hard, suitable for plucking, sufficiently distinctive to be readily 
idcntiR-^d (** kenspeckle ” rocks®®) and Kave a Urmted and well-delineated 
outcrop. An example of a linear train is the Snake liuttc train in Montana. 

All great dispersals and most small ones are more or less fan'ShapedT ^ 
Agassiz®® was one of the first to realise. I he conrict-like train has an axis 
which eo]neidc.s roughly with the local ice-flow and a terminal width much 
bigger than the outcrop* both horizontally and veitically. The fanning may 
have been caused by subglacial streams®"^ or marginal melt-waters^! by 
drift-icep^^ especially during earlier and later stageSp as in the ’ioldia Sea; by 
radiating flow near fhe ice-edge*^^ e.g, in the Oder Lobe' or by varjing 
ments during the opening, peak and closing stages^ as oblique valleys and 
topographical irregularities affected the ice(gee p. 1146). It resulted 
when the ice radiated from a centre, as in the case of the granite boulder^ 
from Bamesmore* Co. Donegal^ (fig: 145+ p. 7^0), and was most pronounced 
if the flows diverged through direct impact of ice-masses (see P' 
exemplified by erratics of the nepheline syenite of the Kola Peninsula which 
w^erc conveyed to the north and south-east and acro^ the peninsula between. 
Erratics within a fan rarely travelled by the shortest route but according to 
chaotic intercrossing lines of successive times.^ Subglacial and extragbcial 
streams, wandering centres of radiation^^ (sec p. 670)^ and incorporation 
from earlier drifts or fluvioglacial or mtergladal deposits varied the boulder 
content vertically and crossed the trains—erratics during the last glaciation 
in Denmark came fir^t from the north (south Norway and w^cst Sweden) and 
later from the north-east (east Sweden and the Baltic), confu^d the 

homochronc ” erraticsi^® i-e. those distributed at any one time* like thotse m 
the upper drifts of certain areas of Finland.^ _ , 

The bouldor$ on the margin are sporadic* so that a fan’s preci^ limits are 
not easy to definep but become more and more numerous towards the axiSi 
though local reliefp e.g. the Estonian Glint (= cliff)t introduces vanations 

by imposing obstacles. , ■ infi t. 

Among the earliest trains to he described were the Rapakivi tramp ^ the 
dolerite train from Corstorphine Hilh Edinburgh,*®^ and some trains in the 
Rhone basin 102 and in Massachusetts,^^^^ These included the celebrated 
Richmond Boulder train which crosses valleys and ridges diagonally as a 
fan of angular material plucked by the last ice. Other well-knossTt exampl^ 
are the peridotite boulder-fan of Rhode Island*^^ and that from Iron Hill, 
Cumberland, U.S.AJ«>« (fig. 66) where the outward movement from ^e 
csenlrc line is about one-tenth of that directly forward. These and other 
tnuns in New England, illustrated by R. F. Flint*!'^ are more numerous than 
in central North America where bedrock types are less diverse and the drnt 
mantle is thicker. The I^nnoxtowm train in central Scotl^md proceeds 
eastwards in accord w^ith striae, roches moutonnecs and drurnlms ^ 
essexite outcrop* z*ioo ft (600 m) by 300 ft (90 m), at the base of the Campsie 
Fells. Its axis is along the Firth of Forth and its northern boundary runs 
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by Carhcrt* RosjiJi, North Queensfcrry and Burntisland, it$ southern one 
by Kils>lh, Bo "ness, Queensferiy and Crammond. Fifteen miles (c 24 km) 
from the source, the fan j$ miles {c. 4 km) across, in the Longitude of Cram- 
mond, 40 miles {c, 65 km) across (Fig. 67). 

The spreading and wearing out of the boulder trains cause the erratics to 
be zonally distributed in the driftsJ®^ 



Erratics and lines of flow« Lines of flow are ascertained easily if the 
relief is pronounced but much less readily on open plains. Here erratics 

are invaluable. Unlsis the rocks are 
uniform over wide areas, as among the 
Icelandic basalts, they give the direction 
better than, though generally speaking 
in entire harmony with the striae. 
These portray the basal flow at a 
particular point or a particular time 
only — usually the last glaciation (see 
p. 248)—while erratics give the mean 
or general direction, i*e. the resultant of 
all movements between the source and 
the site of the erratic. 

As ^‘indicator boulders^* (Ger, 
gescftjebe ■ Swed. Ledbtock) igneous rocks * 
notably intrusive types, are generally 
the more suitablCp^^® since the outcrops 
of sedimentary^ rocks (thc^ie have been 
preferred in Holland are usually 
larger and less well defined and have 
been eroded to an unknown extent 
along their margins 

Intercrossing^ The fact that erratics 
do not necessarily move on parallel lines 
but sometimes cross has often been 
commented upon since intercrossing 
Was first obscr%‘cd in the track of the 
Rh6nc Glacier^and on the North 
German Plain 3 On the su bmcrgcnce 
hypothesiSj, such mixing is self-evident. 
On the land-ice hypothesis it may be 
explained in innumerable ways (their 
relative and absolute importance is in¬ 
determinate and varied in space and 
which include derivations from (i?) 
conglomcmtesll!; (fr) prc-gladal stream graveb.n* e.g. pebbles in the 
Thurmgian Forest (gathered from*' pregladal” terraces in the UnstmO. Elbe 
pebbles m Holland, Bohemian pebbles in Mark Brandenbure lia Pliocene 
gravels with Silurian materiai transported from the Baltic region to Sadewitz 

Germarfy and England 

(^een Jo^shire and Suffolk), obtained possibly from the 

(f) pi^lacia] beaches, as postulated for Green Bay^^ Spits¬ 
bergen, for flints in the Bornholm drift,and for some pebbles in the 


Fto. 66.^^ — ^Injn HiU boijld4r rrain, Rbod? 
Itlind, U--S-A. liV. H, HoLTm, 760^2^ 
p. 306, 337. 









INTERCROSSING 



Holderaess drift, including Scandinavian pebbles which had undergone 
marine erosion before glaciation — ^ihe agreement ^ 
boulders and pebbles, however, renders this doubtful* ; and subglacial 
streams in the case of small pieces. Others are connected with variations 
in the direction of flow due to (a) polar displacement ; (o) migrating 











368 GF^ERAL BEPOSItlON; ERRATICS 

iccshcdsl^^ (thk chongc^d die flow over Ruiisk and transported Norwegian 
erratics to Britain at an early stage)^ (c) tectonic movements, such as those 
suggested for north Germany * 27 - ice-erosion ^28 (doubtful and rare); (t) 
waxing and waning of the ice; (/) overflow of local centres by the main ice- 
sheet or their re-assertion after its retreat^ 29 * glacier overriding 

another parasitically (see p 87); (A) cross-currents at different levels in 
the ice^^o 272), as in the Vale of Eden or the overlapping trains of the 

Foxdale and Oatland granites in the Isle of Man, the two outcrops differing 
in height by about 400 ft {c. 120 m); (1) erratic material slipping on to the 



Fig. 68.—I>ittrtbution of the tjrmtia from AiIhi Cmi^. 


ICC; and {j) mordnes mixing in narrow passes which compressed the stream.- 
Unes. M^aterial may be incorporated from earlier drifts arising from these 
causal as in the occ^ional Norwegian erratic of rhomb porphyry 
north Holland, east Friesland, Oldenburg, l>enmark and Fyn, though later 
transverse movements sometimes ^ccly disturbed the erratic fans.^^^ 

A fruitful cause of mixing w^as drift-ice, including bergs and ice-foot, which 
at the mercy of wind and tide scattered debris indiscriminately over the sea¬ 
floor during the c^ly st^es. TOs debris w-as incorporated in the ice which 

J - some of the Norwegian erratics in the 

North Sea and in the dnft of eastern England and of the Baltic; the$e include 

and Clime and well-rounded beach 

pebblesJ’^5 

'I’hc Ailaa Craig microgranitc in the drift around the Irish Scai^ (it was 
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found first in the Isle of and subsequently in Dublin and all 

round the Irbh Sea as far ^ Pembrokeshire and Tramore BayJ^^ at Silccroft 
in Cumberland Iand in south Kiitty re) may constitute a further exampk 
(fig. 68). Thus these pebbles are occasionally encrusted with millipores 
and are associated with blocks of Carboniferous Limestone^ coated with 
hardened shelly sand and scored by striae^ and with erratics which Muld not 
have been transferred to their present sites by any known glacier^j c^g. 
serpentine at Birkenhead,Shap granite and Borrowdale lavas in the Isle 
of and rocks resembling those of the Inner Hebridesfound in the 

Isk of hlan, Cheshire, Anglesey, north Wales and north Cardiganshire. 

Erratics may also have been derived from sources no longer exposed because 
the outcrop or outlier has been completely removed and the supply exhausted 
(an error to which thin sandstones are specially liable)^ as in the case of the 
Jotnian Sandstone in the Gulf of Bothnia,^^^ of Magnesian Limestone found 
several mik$ north of its outcrop in Co. Durham^^ or of Chalk and its fossils 
in the Scandinavian drift of that county. Alternatively^ the outcrop tvas 
scaled beneath drifts in the progress of events—the Lias of Cheshire,^^ 

certain Scandinavian ore-deposits,and diamo'nds^^^ and float copper^ 

south of the Great Lakes in Wisconsin, Illinois, Indiana, Ohio and Michigan 
are examples. 

Outcrops on the inaccessible sea-floor were a more fertile source of error. 
*rhis source is commonly neglected for historic reasons (icebergs could only 
receive their burdens from higher lands] and because we are ignorant of sub¬ 
marine distributions. Thus basalt, porphyry, upper Jurassic and Nco- 
comian irt DenmarkT^-^ Cambro-Silurian in north Germany, the Last 
Baltic Limestone and Leptaena LLmestone,^^"^ Orthoceras Limestone and 
most of the BcyrichJa Limcstocie^^® and Palaeocenc and other sedimentarj' 
erratics in the north German drifts^®*—all these have been eroded from the 
Baltic in agreement w'ith the flovs^-lines in Baltoscandia-^^^ The Brow’n 

Porphyry like the 'Tied Baltic Porphyry Rodo poiT>hyry^), 

derived from south of Aland and some of the Rapakivi granite from the 
bottom of the Gulf of Bothnia.^*^ Other erratics, mcluding the Dalame 
porphyry,sustain this conclusions**^ and are gradually enabling us to con¬ 
struct a geological map of the Baltic sea-floor.^®^ 

The bed of the North Sea has in like manner supplied Neocomi^ and Gault 
erraticsi^ to Schlesw ig-Holstein and Jutland; Chalk to the drife of Cdth- 
ness, New'casde and Scarborough [zo miles (32 km) north of the Chalk cliffs); 
flints*^ to the drift north of Wan$beck in Northumberland^ at Newbiggin 
and Cleadon in Co. Durham, and to the Scandinavian drift at Warren House 
Gill; black flints, Bet£mttitetla non-Bfitish cephalopoda and green- 

coated flints to the Holdemess drift,together with remanifi fish remams 
from the Red Crag; Red Crag shells to Aberdeenshire**^; and at Sheringham^ 
a block of Newboum Crag of a type unknow'n else where 

The Irbh Sea has fiimishcd manv similar examples, the most important 
being Cretaceous flmt.no This has been found in the surroundmg drifts to 
St. Davids and Cardigan in South Wales and Bally cotton Bay, Co. Corkj ^d 
in the Intermediate areas, at RavenglasSi over Cheshire and the English 
Midlands as far as Warwick and Bridgnorth and along the Insh TOa^ 

Co. Antrim south wards. 1 1 has occasionally been refuted to cast England 
but usually and notably in the older literature to Antrim outcrops ^ m seem¬ 
ing unison with the baked varieties and with chalk pebbles showing contacts 

34—Q.E, I 
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with oil vine basalt, A submarine sourceP-^ cither Chalk or Tertiaiy 
depositsp IS however suggested for some by their rusty gravel stain ; by their 
water-wom appearaiiee and small size and the modes of percussion of beach 
pebblcs^”^^; by their increase in size and number as they are followed south¬ 
wards from Dublin to Wexford^^; by the lignites and coal fragments in the 
Wexford Gravels, derived from some submerged Tertiar)' and Carboni¬ 
ferous on temps^^^; by the discoverj'p east of Pendiner in South Wales of 
sands with andalusite, tourmaline, c>^anite and staurolite^'^; by the absence 
of Irish and Manx erratics in the Cheshire drifts—the vesicular basalt of Point 
Scarlet^ Isle of Man, has, howeveTp been identified in the Wem diatri^l®®; 
and by the rocks and fossils(from higher horizons than occur in situ in 
the Irish Lias) found in drift at Bailintoy and Ballycastlcp Co. Antrim^ in 
Dublin Bay, at Blackpool, near Chester, at Rochdalep Codsall, Wohler- 
Hampton and Strethill; and by the fossiliferous Middle Oolite erratic at New 
Brighton 

Errors may be introduced by ballast unloaded on shore?i and in rivers, 
e,g, French gravels with palaeolithic implements near Tfinsberg, Norway^^^ 
Welsh and Danish rocks in Nova Scotian and Shap granite at Gainsborough 
in LineolnshireJ*^ Pebbles may also be derived from shipwTecks (laurvikite 
boulders near Dunbar^®'^) or carried from the beach with manure on to the 
fields Little pebbles mav be carried by seaw^eeds^*^ or by sea-gulls, a$ in 
Malfie.iM 

Uplift of etratics, ITie ice, which jettisoned most of its load at a low 
1e%^dp sometimes lifted the materbl higher, frequently much higher than the 
parent rock. Instances from the British Isles are numerous. I'hey include 
blocks of grcywacke near Kirkby I.ronsdaIep^^^ Silurian rocks near Settlcp^^^ 
flints, Ailsa Craig microgranite and Eskdalc granite on Moel Tryfaen,*^^ and 
the 500 ft (r. 150 m) uplift of the Leavad erratic (see p. 363)* the 600 ft 
(c. 180 m) uplift of Old Red Sandstone rocks in north Wales,l^ of certain 
rocks in the I ^ake District, Permian Brock ram and other rocks on 

the Pass of Stainmorci^; and a 400 ft (lao m) uplift in the Wrekin area.^^ 
Similar observations have been made in Scotland,^^® c.g* in Galloway, Argyll- 
shire, Pentland Hills, Central Highlands and Shetland Islands* Carboni¬ 
ferous gravels on the Wicklow and granite boulders on quartzite 

mountains in Co. Donegal™ are Irish examples. 

The uplift may amount to 1500 ft (r* 450 m), as in the case of the thrust 
Torridonian Sandstone west of Fannich MountainSt^^^ and may be very' rapid 
as instanced by the uplift of 1000 ft (r. 300 m) in miles (4 km) east of 
I^h Maree (see p* 668) and of 600 ft (r. iSo m) in 1+ miles (c. akm) south 
of Foxdale, Isk of Man.2«2 

Uplifts are prone to occur if the iceshed was eccentricp as in some of the 
cases just mentioned from the Scottish Highlands and the looo ft (300 m) 
uplift of granite erratics west of the Rarinoch Muir™ ^nd especially in 
Scandinavia (see p. 668)* 1 hey were extensive south of the Baltic^o^—the 
Brown Baltic porphyry w'as lifted Soo-iooo m—in north-west Russia™ and 
to some degree in the Alps.™ In North America,™ where L. Vanuxem and 
J. Hall early noticed that the drift commonly occurred at elevations consider¬ 
ably ^gher than their source outcrops^ Laurentian boulders were scattered 
plcntin.illy south of the Laurentian region and over the plains and high land 
of west Canada, up to 52S0 ft (1610 in).2<l® Uplifts of 3000 ft (r* 000 m) have 
been recorded on Mount Katahdin^^^ in Maine, of 5000 ft (r* 1525 m) on the 
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$tass side on Mount Washington^^^® and of S 3 ™ ft (1615 m) in the umepeg 
area^^^ and up to 4000 ft (1220 m) A.S.L* within 5 miles of the Rocky 
Mountains front.Fragments of Potsdam Sandstone were carried from 
low levels near the north end of Lake Champlain to the tops of the Adiron- 
dacks 213 Marine shells in the north German^ and British drifts (see p. 630) 
are a special case. 

Method of uplift Much has been w ritten of the my in which errari^ 
and sheUs have been ca^rried up. Many hypotheses are no^v only^of historic 
interest; such are the weaves of translational^ (gee p+ 618), ice-footp-'*^ anchor- 
icCj^t^ seaweeds in a glacial sea^^t® solar radiation on stones encased in the 
ice^^i^ and ‘unequal postglacial upheaval 2^0 due to a rise of the isogeo¬ 
therms 221 —this is inconsistent in Germany with the slope of the preglacial 
river terraces 222 and in Britain with the rate of erratic uplift (see above)* 
Preglacial beaches may occasionally have provided material 

Other discarded means are transport on an inclined pl^e from hypothetical 
great heights, implying enormous subsequent denudation,and the over¬ 
turning of bergs w^hcreby basal debris iivas raised 300 m or flung even 
higher 223 Darwin’s hypothesis of flotation by pack-ice during progressive 
subsidence22^ inv*olvcd an improbable longevity of the ber^ or an extremely 
rapid subsidence. It was incx)nsistcnt with the diminishing si^e of the 
erratics as they are traced from their source and their discovery^ far above the 
limit of submergence postulated on other grounds. 

Erratic uplift is possible, as is now generally conceded^ by moving i^ and 
is only part of the wider question of the uplift of glacial material, including 
marine shells. It is proved not only by the subglacial debris on the surface 
of glaciers, as frequently noticed during the past century' 227 iN^nvay and 

the Alps and on the impact side of nunataks^^® in Spitsbergen and Greenlan^ 
but by the dyke-like ridges of debris squeezed up along transverse fissure 
in Greenland and Spitsbergenp and by the inclusion of water-w^om j^bbles m 
shear-planes 230 and of marine shells in ice and moraines of arctic glaciers 
up to 176 m A.S.L, The Sefstrom Glacier, Spitsbergen, advanced from its 
iSSa position (see K. Grippes map 232 ) incorporated the shells of the sea¬ 

floor in its shelly moraine on Cora Island. 233 Jn this way^ it affected an 
upUft of 30 m, possibly 75 m ,234 since a derivation from raised beaches 
is inadmissible. The Von Post Glacier similarly inco^orated marine 
shells in its moralnes +236 Marine serpube and diatoms lie at 97^5 m on 
the slopes of Mount Erebus 237 and raised muds east of McMurdo Sound 
have been elevated through 100 fathoms (i S3 m). 23 S 


Effeci of obstruction. Uplift by ice is analogous with that known to take 
place in rivers, especially in the base,^^? Obstructions retard ^e lower layers 
and compel a slight diagonally upward fiow ^240 Debris also rises in ctcv asses 
and moulin 3 , 24 i by compressing waters in subglacial tunnels dunng the 
ing season ,2^*2 by upthrust at the 5itout,2^3 Ice has been seen 
gentle slopes (see p. 122)^ Moraines, ice-pedestals, m^$es of ca ice, 
frozen and rigid material or rock ridges projecting upwari^ intoor as nunataks 
through the ice deflect the flow- up wards,2^ provided the^urface of the ice 
inclines more steeply than the revetsed floor (see p. 123_)- ^ ^ 

of the basal layers has been seen in modem glaciers, attended by irus^mg 
and gliding along shear-planes, and has been experimentally demonstrated on 
pitch and paraffin wax modcis. 2 ^ Confirmative are the subg acia e ns in 
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the contact planes of two glaciers (sec p. 407)p the impact sides of roches 
moutonn^T the ascending striae on rock-faces, the steep and irregular Ice 
slopest^^? the trains of local angular boulders in the Icc of crag;Sp and the 
transport and uplift of erratics across high ridg^, as in the Shetland Islands. 

Whether or not the ice and its burden discend again depends upon the 
relation between the vertical and flowage pressures^"*® (cf. p, 253)- This 
readily explains the contrasted form of the lee slopes of roches moutorm^ 
and why some transverse ridges intercept distant erratics while others allow 
so much material to cross that it distinctly colours the drift .^50 

The raising of material probably took place within definite but unknown 
limits; it was opposed by frictional melting at the base and by descending 
surface and englacial waters. 

F* Debenham ^^ described a new^ method of ice-uplifl as illustrated by the 
raised sea-muds in South Victoria Land (see above) which contain serpulaej 
forammifera, polyroa, corals, cchinoid spines, sponge spicules ^ headless fish 
and deposits of mirabilite ($odium sulphate), the bulk of which wa^ excessively 
fragile, well preserv ed, and often in the position of growth. He regarded this 
material as sea-bottom which was raised by the sea freezing at the base of the 
ice-sheet in contact whh the sea-floor and the thawing of the upper surface of 
the ice. By repetition of the process, the marine muds ultimately emerged. 

"Ihis method, it is objected, 253 jg hardly compatible with the melting and 
depletion of the base of Ross Barrier that seems to be proved among other 
ways by the positive additions to the surface of that ice and by the fim com¬ 
position of the Antarctic barrier bergs throughout. Nevertheless, Debenham 
applied the process, which operates in the Antarctic over considerable areas 
and with ice up to 213 m thick, to the SefstrGm Glacier (see above), to the 
British shelly drifts (see p. 630J and to the sea-ice off the polar coast of 
Ellesmere Landn^^ 

Perched blocks^ Surface erratics, $uch as those of the bouldery^ New 

ork fields, are either the wreck of the drift whose finer materials have 
wasted away2JS (“erratics grow^^, possibly by solifluxion, or they were 

deposited in thia position as the ice retreated. They include the perched 
blocks in the Pyrenees^ and in the Alps where de Saussure ^^ noticed them. 
They do not denote, as was suggested,^38 that the valleys were filled to this 
level w'ith detritus which was ^erwards removed- They are poised pre¬ 
cariously and apparently insecurely on the edges of cliffs or mountain sides 
and ^^erc let down gently at the dissolution to their present positions of 
precarious equilibrium. The “rocking stones” (Get, WackehteineV which 
are so delicately balanced that they rock if pushed, are a tj'pc common in 
many places in west Ireland and. New England. Many that were onoe 
perched on hillsides have doubtless crept or fallen to the valley bottom as 
in modem Greenland.^^ ^ 
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Chapter XVIIl 


BOULDER-CLAY 

Boulders. Boulder-clay (Ger. Gestkiebekhm; Fr, iirgile d btocGux; Dut. 
keiUem) or tiU^ a Scottish word^ for " a kind of coarse, obdurate land"> is 
phy$ica]]y and lithologically heterogeneous. Its bouldere may vary from 
j to 99 % of the accujnuJadon and when examined statistically according to 
sisse-gToups. based on the product of the three principa] dtmefisione^ may give 
a mathematical series,^ They range from pebbles to boulders of great 
dimensions^ according to the db^ce through which they have travelled and 
the hardne^ and structure of the mother rock—rocks which lend themselves 
to plucking provide a larger proportion of blocks while those which are readily 
abraded provide much day^ e.g. on Gotland. Chamberlin^ suggested the 
following grading: pebbles, up to 15-io cm long, boulderets, 20-3S cm* and 
boulders exceeding thb length. 

The boulders, using the word to embrace the several grades* often have a 
distinctive shaped though this mostly results, especially in the harder rock- 
types, from inheritance or the mode of derivation from the parent rock- If 
well gladated, their plan may be roughly triangular or pentagonal with 
rounded and smoothed edges* humped back and smooth, flat sole. They 
then resemble a flat-iron or the pmw^ of a flat-bottomed boat; the scour- 
snubbed nose b pointed by friction and the averted end is rounded, sub- 
angular or hackly. Friction along the bottom or* a$ Charpentier^ noticed, 
along the sides of a glacier ha^ faceted the boulders, some being ground per¬ 
fectly flat. Such boulders (JaekeFs Eiskanter^) are flatter and less sharply 
angular than those of sand-blasted gravels'^ and have lateral facets running off 
towa^ the snubbed point. The larger the grip of the ice, the firmer and 
steadier was a boulder”8 course^ A boulder with curved sole rocked a little 
^ it advanced while rotation provided more than one facet* a number of them 
indicating alternate fixitj' and change of position* frequently repeated. 

Although fainted boulders are common in erosive centres, as in Britain 
and Scandinaria, and occur in modem moraines® and Antarctic bergs*^ they 
are relatively few near the periphery of the ice-sheets; only odd ones have 
bttn observed south of the Baltic.^^ This may account for the erroneous 
views con«ming them tvhich have been held in these countries, though 
E. Philippi I ^ correctly diagnosed them ; they have been referred to rotating 
pack-iee^^ and the repeated overriding of subglacial depositsor regarded 
as wind-faceted pebbles or fragments which w'ere shaped before incorpora¬ 
tion in the icethe drift, for example, in North x\merica^^ does contain 
undoubted ventefacts which have been incorporated. 

Striationa like th^e on the bedrock arc engraved on boulders at all depths 
in the clay, Es^cially liable to occur on limestones,*"^ they may be confined 
to one dr more facets or may cover the boulder* passing round its curves or 
crossing each other if it has shifted its position. On large boulders they are 
usually parallel w ith the longer axis as Danviu*® observed 

l^ulders ^as Brongniart*^? noticed in i8a8, are frequently horizontal or 
canted slightly dowiiwards upstream, an adjustment beneath the icc recalling 
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the gentle impact slopes of roches moutonudes. T^c parallelism of boulders 
and nests of sand has been referred to “fossil” glide planes comparable to 
ihoscof living glaciers 20 (seep. 117)- . « / _i_„ 

Boulders, except in narrow valleys athwart the ice-flnw (sec p. 3 3)» 
tend to be paralld^i and in Unc with the direction of transport as given by 
striae on the underlying rock^^ (% 69); pehWw and boulders, for ins^nt^ 
prove the radial flow of the Oder Lobe.2^ Boulders on modcTn glaciers 
fend to assume a longitudinal position.^ Fabric patterns fmm successive 
layers of till sometimes record shite of ice-flow similar to those shown y 
intersecting sets of striae on the bedrock^ (se^ p- goi]. 



Stnrnm 




Fic. 69 — P.falt«|i»n of ihc rt54)pr Mrt of Iwnlikrs ^ 

rock in tiiu undcmcaiti EdHiburgb- tl. Millrr, P- 


Matrix. Boulder-day is typically tough, com[ract and 
to the fine rock-flour it contains and the weight of the superm ^ > 

In the Oxford area and in the Thames basin it tends to be more ^istanman 
the country rock, sothat new va11e>'3 are prone to be eroded along its margins. 
The texture varies with the source; on sandstones, as on the Pottdam 
stone of Wisconsin or Britain's Neia' Red Sandstone, it k ^ Finland 

and sandv; on granites, gneisses and quartxose schists, e.g. m pa ^ hardlv 
and Co. DoneSrIrda^d, it is stony, coarse and gravelly and 
distinguishable from decayed rock m rttw. In these south 

is less appropriate than in areas of limestone, clay or shale, " tvoical 

Sweden or on the Skiddaw Slates of the District, pro^de the 

houlder-dav. Subsequent events have modified the comp c 
for example, above the limit of the btcglacial submet^nce m Wen l^^n 
below it,27 and elsewhere has been aometimcs increa-ed . ■ 

lime derived from a calcareous floor.2® Britain It is 

The colour naturally varies with the materia . _ Oxford Clav dark 

generally dull grey on schists, blue on such clays as ' 
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blue or nearly black on Carboniferous clays and coaisp and red on the Old or 
Red Sandstone. Like the texture and composition, it changes in suc- 
oe^sive boulder-clays gleaned from difFcrcnt sources. The dominance of 
illite in S^vcdish glacid and postglacial clays supports the %icw that the bulk 
of these clays derived from Tertiary and Mesos&oic clays.^^ The distri¬ 
bution of the various types in Scania^ reflects the lithology of the regional 
bedrock as do the Nebraskan and Kansan tills of the Mississippi and Missouri 
valleys. 

Since ice is unable to sort its material and deposits mainly by liquefaction 
unrelated to the size of the ingredients, tills form a pelUmell agglomerationp 
unstratilied and structureless and with boulders of various sizes^ form and 
composition set at random ^ I’he material is occasionally disposed in wavy 
layers as between boulder-clays of different compositionp^^ the waves being 
due to pryssurep to resistance by large boulders, to variations in ve1ocit>' and 
transporting power, or to packing and successive accretions. A pseudo- 
bedding may be brought about if the volume is reduced or if a rearrangement 
follows the solution of the underlving rock or of fragments in the drift such 
as the Chalk in the drifts of East Anglia and Holdcmess fpL XIIa, facing 
P- 3 S 3 ). 

The dispersal by ice of minerals distinctive of a particular source is an 
an^o^us phenomenon. Sedimcntaiy^ petrography^^ is a valuable adjunct 
to held studies. Thus in nonh England and south Scotianfluorspar and 
bmtes were carried eastwards along the Tyne valley, augite east of the Whin 
1 outcrop m Northumberland, brookite north-eastwards from the Cheviot 
granitep and homblende outwards from the Galloway granites. 
f material tends to be worn down in transit. This is exemplified by the 
tollovvmg percentages in the boulder-elay^; 


Soorth Swedeii 
DcTtmark 
Xorth Qcmukny 


Graifl Si^nd Clay 

iS-:^+5 Ss6--47 

4-8 57^ 15-35 

3 - 9 - 4 'S 55'S 39 6 

Sands and gravels. Water often flushed the finer particles out of the drift 

^ »andy til]. Sands and gravels, intercalated 
distnrtiTd* T' Of inipersistent seams, sometimes 

(*lav ic nppJ 3 -niarked. 1 hough sparingly developed if the boulder- 

valWa nr 1^ j ^ ^ matTix, 3 ® in mountain glens, thw are plentifLil in 

in north Germanv where 
the peripheral drift in which their bulk may 
drift wri™ Tfifi ** merely the end-member of the stratified 

prince of at least a thin film of water. 

over according to tveight and size; light coal fragments 

layers Th^ m-aiti ^sample, are often segregated into definite 

fr«h and antmtaf ’ " ^ tinusually rieh assemblage, arc sharp, 

from c^ystdline « 

froh cluivaDi. a CDnchoidal fracture and Other minerals 

sands rem^ii from de^rt {I rias) sandstone in Cheshire. 

sometimra ^ated \rith * P'^hblcs, boulders and spherical or ovoid masses, 
eroded boulder clay. particles,resulted when glacier-streams 
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Sands and gravels may be of local origm, as m noTih German). or m the 
Boston area of Massachusetts where more half are 
(J^,6 km) from their source.^l At other times *0 proportmo of more 

distant constituent is higher than in the ^sociated ^ JJh 

difference is seemingly connected with the velocity 0^ _ ^ 

transported the gravds and mlh the wear and tear of thcM under the i«. 

The pockets or lenses of sand may be merely ^ 

an overridden outwash deposit or more generally rna) tKamBelves face 
temporaty concentration of melt-water Like the bouldera 
p. 376) they may have been tilted by the contemporaneo 

of filU 

Distribution. This ground-moraine L- AgassiK—the at times 

been extended to include material deposited at the me E |_„.inn 
uniformly thick nor universaU It spreads widely . t 

e.g, the prairies of west Ohio, north Indiana, most 0 1 Ocotland^s 

and lodges on the floors of valleys, save m cre^ve centres, , 

and the Cordillera of west Cajiada,^ whence glaaers of later ph^s may 
removed It. Its sheets slope up the hillsides on to the ruhblv 

the steeper flanks free. Here they pass itto a stony _ri 
debris, Dl-circumaeribed and more or 1^ locally derive . _ _ 

occupi- hollows between bosses and ridges and form tails m the lee of hill 
^purs or long spits ifi the angle at valley junctions. 

Source. Both boulders and enclosing tmatox {as much as j 

east Wisconsin and west-central New -.n the drift 

from underlying rocks or from those which he slig ^ . w,™ the Pre- 

course. In (he Ottawa district, drift more than 3 

Cambrian upland has little of this material, and in i 0 Bi.fficient ad- 
which generally arc confined to the slate coun^ have ou _ . . 

hesive material up to 2-6 miles {.. 3-9'5 hm) from the “ 

quartzites.^ On uplands, the colour and texture appmac ^ ice-centre 
rock waste. The assemblage becomes more ..1 jgngnjjg 

towards the zone of maximum accumulation where the ^ 

less upon the subjacent rock and is more or less of a ge _ ^ are 

“foreign’' constituents which provide a sample of al t e F, , _ 

more plentiful in thick than in thin depe^its and the carry over from out 

crop to outcrop is less sharp. ... cn the 

The various strata have generally contnbuted m 
distances over which the boulder-clay has moved, th^^E ^ Pai travelled 
of the outcrop and the nature of the rock rSsil- 

debris is apt to be scarce because it tended to lodge or w _ . 

the heavy' basal load ensured a high rate (.rallif the bulk say 

centre and originated much material marginally. on ^ ^ '_;ige /gg iiiuV 
7i-,=% o! ,hf bouM«-*y, b« not in»™'H o’; 

T-ong-dislancc erratics (see p. 134) have t P 

When the icc came in from the sea, e.g. on the east 
land, it dredged up the shelly, submarine j’J, tJe drift of the land. 

droppings of bergs or drift-ice, and incor^rated ^ 

Boulder-clay also contains rock-flour ground by rock-flour in 

E. Collomb^ flrat appreciated. Analysis shows that the rocK n 


GLACIAL deposition; boolder-clav 

bouldcr'ciay is essentially a quaTte-flour^J; this agreei with A, Datibr^e’s 
obrervation that the milky turbidity of the Rhine, even some hundreds of 
form the Alpine glaciers, is principally due to this mineml in impalpable 

M "*‘’*^* of Dollfus-Ausset and German geologists (Tordl’s 

loral|round moraine ** 5 S) a nibble of local fragments 5 ® (“ tri situ moraine ** 
of F, SvenonmsS''}. Sometimes cemented into breccia where composed of 
limestone, it occurs at the base of the drift, often in sheltered localities, such 
^ m transverse valleys or at the foot of steep cliffs, prominent ridges or 
cages. Its glacial age is proved by occasional erratics or the disturbed under- 
lying rock. It may be earlier than the overlying boulder-clay as Torell sur- 
rniscd or may have been deposited simultaneously with it ,59 by plucking at 

gladal ” be an early 



Subglacial origin. Although the bouIder-cUy has been the subject of 
a vast literature since Agassii« first described it m 1837, it remins to 
some extent the 'mysterious deposit” R. Chambers designated it It is 
an accumulation ««'groeru. ® 

It was widely believed in the infancy of the glacial 
theory, though strenuously denied by the “sub- 
mergers”, that boulder-cIay accumulated under the 
ice and was drag^d along by it, being fluid enough 
to allow of motion"I’he ice communicated its 
own motion to the clay, moving the bottommost 
ayers very slightly, the upper ones at an ever in¬ 
creasing rate, yet extremely slowly towards the 
junction of ice and clay. By particle moving over 
particle, the boulders within the mass became in¬ 
timately glaciated. Supporting this view of viscous 
drag were the “ tails " in the lee and the “ pre-crags ” 
m front of projections; the bouJder-day’s compact¬ 
ness, jomtmg and dominantly local characterits 
occasional plane resembling cleavage slip*^ ascribed 
to pressure by the superincumbent ice <ice 1000 ft 
-.1.. ,. , , '^bick exerted a pressure of c, lo tons/so. ft! ■ and 

in tfe^Dumh D^ ‘ h disintegrated or only prtially bV™, e-g. 

n the Dutch, Danish and north German clays, or crushed and rolled out 

stnated, the material has flowed around big unvIcTHmc, hn, '^entati^ and 
tured boulders have their upper oam forwL ^w? ^ boulders and frae- 


Fic, 7*.-—Fliwcbn itruc- 
TUf^ in tifj (nH.[unj size) 
FtU^-sidc, ncaj Edin- 
boj^. llic arrow de¬ 
notes tht dircebon of 
ice - momnctit, H. 
Millerp p, ,7^, 

fijr. 3. 
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mass of tin the boulders on a particular horizon sometimes have parallel striae 
engraved on their upper faces. Though the smaller boulders may have 
escaped striation, the clay itself is oceasionally striated.'^i These features, 
first described by C* Madaren'^s subsequently by D. M, Home^^ 

in Scotland, by K. Schimper in Switzerland ,74 and by O. N, Stoddard in 
North Americans (Miller 7 * has given other early references), were afterwards 
noticed in many coimtrica^^ 

Advocates of half-floated glacici^ regarded them as made by intermittent 
pressure on accumvibting materialwhile others ascribed them to fits and 
starts ^ of subsidence,to stages in a sJowIy growing boulder-clay,®^ to 
deposition at the bpe of the ice following pressure mdting, or to subsequent 
glaciation by thin ioe,®J They more probably represent differential motion 
along $hear-plancs accompanied by horlKonta] slickenside.*^ They may mark 
an advance following temporary stagnation*^ or an interval of till erosion®** 
(though not necessarily an interglacial one as suggested*^); for the colour and 
composition differ occasionally in the clays above and below%*^ fossiliferous 
layers occur on the horisionsT®^ aJid pavements are known in front of 
existing glaciers,®* e.g+ the Upper Grindehv'ald and x\rgentifere glaciers of the 
Alps and the lllecillewaet Glacier in the Canadian Rocky iVIountains. 

Groiind^moratne of present ice. Basal dirt or ground-moraine has 
been repeatedly obsenp^ed under modem glaciers liiigi^ was the first to 
note it; Agassi^ termed it boueglacutr^. ft has been recorded from the AlpSj^^ 
Sie^a Nevadas of North America+^^ Greenland and Spitsbergen^ where 
typical boulder-day is often associated mth present-day ice. Himalayan 
glaciers have an unusually great amount of subglacial material — they often 
swim” on Yet basal dirt is frequently absentj^ as heneath the 

gladers of Mont Blanc, the Antarctic and cirque glaciers generally, or is very 
rare^ 7 c^g* in the Alps and Greenland. If present^ it is invariably thin (it is 
than 2 m thick in Greenland^*) and is not true ground^moraine: 
S. Finsterwalder^ has stated this for the Alps and Gripp^*^ for Spitsbergen, 
since much is probably the low^est englacial layer of sand and mud with an 
sce-cement. 

This rarity of modern ground-moraine haa been attributed to the removal 
long ago of the disintegrated maferiaH*^^; to the nature of the country rocks, 
e,g. in Greenland^^^ which could only supply coarse and arenaceous debris; 
or to the impossibility of examining more than the margins of the ice: the 
upnse of material at nunataks, as in Greenland^ proves that it exists in the 
inner partsJ*^ 

MTiile basal debris is discoverable in some gladers, it cannot be gainsaid 
that nowhere in accessible positiuns is moraine profonde forming to-day 
comparable in thickness with that of the Ice Age. It is even doubtful whether 
thick boulder-clays were transported subglacially ^<55 In Pleistocene time. 
While thin layers^ facilitated by saturating the muds and sands w'ith w^tcr,**^ 
were moved as evinced by debris extruded at the end of existing gbders and 
the folding of subglacial rock$ in glaciated areas beneath boulder-clay 
(folding and deposition may have been successive), movement of thick masses 
IS unlikely because the internal friction in the ground-moraine was great and 
the lessened plasticity in the low^er layers when mixed with sand and day 
cornpdied the upper ice to ride forward over a stagnant layer^*®* as is oc¬ 
casionally seen in modem glader$,^^ The depth of till ivhich can be dragged 
along subgbcially Is probably definitely limited^^® {N. S. Shaler*^^ made it 
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30 ni)p though it may var>' considerably according to the depth of the ice and 
the densityj nature and degree of saturation of the debris. Glaciated rock 
under boulder-clay may indicate that erosion preceded deposlrion and not 
that the clay was dragged along simultaneously* 

Englacial material. These considerations suggest that some till was 
carried englacially in a kind of ice-conglomerate or breccia in the glacier^s 
lower strata and wras thawed out during melting from the very lowest debris 
while that abov’^e, still frozen, continued to move on* The overriding layers 
imparted the toughness to the clay as it came to 

Such englacial materialj louse Chamberlin's temi^^^ inner glacial“in- 
glacial'^ and "intraglacial'' are alternativesthough sometimes absent,^^^ 
iSg unlike the subglacial material, very' common in all modem glacier-regions^^^ 
though it is masked in the Alps by the abundant superglacial detritus which 
led Aga^kii^ to deny its existence except in crevasses. It is either uni¬ 
formly distributed or more generally, as in Greenland,!^^ collected into layers, 
lines or lenticleSp parallel with the solc.^^"^ The knticles dovetail into each 
other, the stratification being frequently extremely delicate and developing 
into lamination with as many as 8 laminae to 1 cm. The layers, plane or 
slightly undulatory, curve round the boulders with marked faulting, drag and 
thrust phenomena, especially towards the margin. Thrusts may traverse all 
the layers or carry clean ice over them. 

The dirt in Greenland i$ confined to the loAvcr 50, 75 or exceptionally 
15^ ft (iSt 23 or 46 m)*^^ It is more abundant in ice descending cataracts 
or ice-clif&i^l and, according to Chamberlin ,^22 g,ides, according to 

D^‘galski,i2^ (who argued from the distribution in overturned bergs), in the 
middle of glaciers. Seismic methods 124 suggest it may be 15-30 m thick at 
a distance of lao km from the edge. 

There is often a complete transition from clear ice through ice with much 
cnglacial material and basal dirt (by soTne^^^ included in^ by others 126 ex¬ 
cluded from the term englacial) to the underlying houlder-clay.^^T No 
sharp line can be drawm between englacial and subglacial debris though a 
distinction bcUveen basal dirt and ground-moraine is often recognised.^29 

Englacial material suffers little in transportJ 29 Thus Forbes early 
recorded the emergence, almost undamaged, of a bottle and knapsack which 
had travelled 1310 m in 10 years, while a geological hammer w'as recovered 
^^cr 15 yearst the iron without rust and the wood undecayed. Carcases of 
sheep reappeared intact and a puz^ veil melted out untom from the 
Glacier des Bossons after 41 years in the Similarly, rock-fragments 

remain angular. Nevertheless, they arc sometimes striated and rounded by 
mutual attrition,®^^ mainly by shear along the debris layerSp occasionally along 
the sole of a parasitic glacier,!^ englacial transport being differential and 
increasing upwards. 

Englacial and subglacial detritus is derived not only from the margins and 
surface^ as early emphasised, but from other sources^ such as inner 
moraines and subglacial crosion.'^^ xhis is proved by witnessing the 
a^al operation’^ and in indirect ways. Thus englacial debris is found in 
glaciers which have no superglacial dcbrisi^®; rocks which never projected 
above the ice occur in the drift, e.g. remauie fossils and detritus in the drib: 
of eastern England which differ from those of the land outcrops,™ Silurian 
limestones of Gotland. Chalk of the Baltic regioni'*' and the Richmond 
Boulder-train and marine shells arc embedded in moraines in some 
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modern glaciers of Spitsbergen and Xornay ($ee p. 631) and in boulder- 
clays in east and west England (see p. 630). Even “local moraines” (see 
above) may mean much glacial erosion. ^^3 

While therefore, it is untrue to say that boulders could not be incorporated 
tn the sole or if incorporated would be detached at the first favourable acci- 
r precise mode of incorporation is less certain since ice is incapable 

of lifting debns through turbulence. The method of incorporation has indeed 
been much d^ated smee Charpcntierl-'S attributed it to expansion on frccafng 
and horbesw mvoked friction and frontal resistance. Chamberlin ‘^7 was 
the first to pomt out the mechanism. Drift was transformed from sub- 
glacial to cngJacial level at the suimnits of subgbdal step$ or of projections 
into the ICC where shear-plants, marked by bansb of debris, developed^ 

1 riiSt however, operated only if the ice was thin since thick ice brought the 
englacjal material down again in the lee of obstacles to become snbglacia] once 
more. B Tn corporation may also have been accomplished if a glacier over¬ 
rode earlier glacial deposits or frontal talus which fell from overhanging 
^^ cxtraglacial detritus being wedged into the base ’^Mn the form 
oi banding by pressure or glide planes or differential flow. 

Prt.glacially w^eathered rock and spil, saturated with water, was frossen 
during the early glacial stages to an appreciable depth beneath the ice, 
possibly to Injunction with the live rock, which was the then mie base of the 
ice'sheet* Shear-planes developed in the unfrozen aoil, if any existed, so 
that much debris in this w-ay became englacial from the start 
While we n^y be sure that die Pleistocene ice had such englacial debris, its 
varied not a little,^^^ known. It was probably far less 
than Dana’s figure of 150 and of the order of that in modem Green¬ 
land w^ere its depth remains constant as the ice-sheet thickens backwards 
trom the edge 1-^5 smaller and thinner island-ice 

coast. Moreover, no known process of sihsorpUon h competent 
to diffu^ detritus through aj\y considerable depth ,157 and pronounced 
irrcplanties of relief favouring upthrust of materiid were generally missing 
m the path of the ice-sheets of Kurope and North America, 

t The cnglaciai origin of boulder-cky vras first sponsored 

oy J. U. Gciodchild 3 59 in Britain and about the same time by several . 4 nierican 
geologists, iflo Glacial studies in Spitsbergen and Greenland during the last 
decade of the 19th century (see above) gave it an impetus and led to Its 
adoption in both the Old and the New World^^si Some, including O .Torell 1^2 
other monoglacialists (sec below), distinguished a lower boulder-cky, 
dense, tough and compact of subglacial origin (the of Gotland and 

of Finland), which alone deserves C. Martin's termJ ^3 moraine 
projondeoT ground-moraine,!*^ and an overlying boulder-clay, separated from 
it by a distinct plane and sprung cither from englacial (or superglaciol) sources 
and let down as a superficial sheet at the melting, !*5 or consisting of bottom 
irt brought up higher into the ice by shearing movements. A layer of 
stratified sand, formed fay meit-w^ters, sometimes marked the plane of 
separation. 1^7 This ditferentiation may be justified if the upper clay is very 
thin and without an outer limit distinct from the lower clay but is un¬ 
warranted where the clays differ in composition, How" much drift is en- 
glacial and how much subglacial is, however^ problematicaL Discriminating 
criteria are somewhat doubtful partly because of postglacial alteration, in¬ 
cluding hydration and oxidation.!^ A superglacial origin for the upper till 
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h lo be excluded where petrographic and mineralogieal show that it 

has the aame stage of grinding or a different orientation of its grains. (B. 
jamefor^, 

N. O. Holst^^^J artti \v. Upham,l^o both monoglacialistSp among others fully 
discussed the question, 'fhey thought the englscial drift was 40-50 ft (12- 
15 m) thick and equalled the stratified drifts and contended that theengkeial 
boulder-clay, the " upper tilK' of Toroll Hitchcock, Upham and Chamberlinp 
was coarser and looser in texture and more gravelly and sandy, a difference 
W'Wch led somCp e.g. F, Johnstrup, to sec in the upper till a product of 
drift-ice. The upper till contains “gutta percha'^ clays and thin beds of 
sand and boulders, the latter of more distant origin and bigger and less 
glaciated, more plentiful, and not definitely orientated. Yet loosely packed 
boulder-clay may be subglacial^^^ and subglacial day may be stratified if 
much early glacial debris was incorporated during the advance. In recent 
years R, G* Carruthers^'^^ has repeatedly emphasised the englacial origin, of 
till and deposition by bottom mdt-“-top melt has left little or no trace since 
the upper ice was dirt-free. The Firth of Forthp 'Fyne, TeeSp Humber and 
Wash glaciers in his opinion overrode the North Sea ice as vast parasitic 
glaciers and w'cre compelled by the pressure of that ice to ride forvyard on 
flat-lying shear planes. 

Surface boulders such as granite, early attributed to anErratic period 
are frequently not ordy more angular^^"^ and larger, as on the plains of west 
Canadap^"^^ but were gathered from more distant sources than those of the 
subglacial drift.^^^ Fhey probably came from superglacJal or higher englacial 
horizons sometimes from projecting nunataks,^^® as in parts of V^ter- 
botten and Ostergotland, though exceptionally bergs may have floated them 
as in parts of Finland. Their considerable increase after a readvance may 
denote interglacial erosion of a till sheet,particularly in interglacial vallcya, 
or an interval of frost action.^si 

The arguments urged against an cngUcial origin namely, that the drift 
is local and the englacial material ia thin and w^as enclosed only with difficulty^ 
pe w'ithout force. The load was probably much bigger than in modem 
icc-$hcet5p^®3 though its vertica] range, as just mentioned, was probably of 
the same order. 

The interbedded sands and graveb may have been obtained from pre¬ 
existing alluviump as in the Glasgow dbtricM®^ from subgkeial streams 1 ®= or 
by riding over valley trains and outw'ashi®^ or book4eaf clays and other 
deposits of extragkcial iakes.lS? The many oscillations of the advancing ice- 
edge caused their aggregate volume to be considerable, 

Grippi^fi concluded from his Spitsbergen obsen'ations that boulder-eky 
was melted out of ice penetrated by countless dirt^filled cracks. The dirt 
formed cones at the surface, as H. Backlund in Spitsbergen and Koch and 
Wegener in Grttnland had already noticed. 

Time and place of deposition. BouJdcr-clay may have been laid doi^n 
during maxinium glaciation in more sheltered localities, c.g, in transverse 
valley s (see p. 3^3)1 expansions of valle:ys which ran parallel with the ice- 
flow.iw As its local stratification implies, it'may have accumulated by adding 
layer upon layer. The bulk, however, was deposited submarginally 
say, so miles (So km) within the jce-edgoi« (some would say marginallyi«), 
either under the jcei” or mglacially as this passed into the ablation zone and 
sheet after sheet of englacial material ceased to move: the contortions some- 
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times seen in the ground-moraine have been interpreted as structures pre- 
^rvcd fr^ the original ice^®'* (cf. p. 398). The erosion of Zmgmbecken 
( 9 « ch. XU) and the deposition of boulder-day including drumlins (see 
eh- XIX) were successive processes. 

Striated boulder pavements and the parallelism of larger boulders with the 
striae on underlying rocks (sec p. 377) show that the ice was still moving. 
Distant erratics in the are no obstacle to this view since some were 
uncjuestionably earned by siibglacial streams or by floating ice during early 
stages either in the sea or in glacier-lakes^^ as in north Germany and certain 
parts of the British Isles. 

The planes* which are either latent or rendered visible in the boidder-cby 
by lenses or bands of sand, etCp^ and which are horizontal unless subglacial 
irregularities caused the formation of schuppen stxticture* have been inter¬ 
preted as shear-pknes corresponding to the original structure of the ice.^^^ 

Till plaiM, Boulder-clay shrouds the country as broad* uniformly fiat 
and eiLprcssionless plains over wide areas* either undissected or cut by shallow 
stream courses displaying a dendritic pattern. These Grundmordftmehene^^ 
essentially smooth or gently rolling but have no definite alignment of un¬ 
dulations. They are found in north Germany*!^ e,g. north of the Baltic 
Kidge, in Posen and about Leipzig, over much of Finland,in Holderness 
^d East Anglia* Durham and Northumberland and central Ireland in the 
British 1 31^^201 an(j jf| Noith America in Wisconsin and the area about the 
Mississippi, in Illinois and Missouri, where the movement of the ice was 
ooutrollcd and directed by deep valleys.^^ Unevenness was introduced by 
cpiglacia] denudation, by subdued Irregularities in the rock-fioor, or by un¬ 
equal deposition due to varying rates of supply. While the topography is 
apt to be guided by the subjacent rocks, if the boulder-clay is thin, thick 
f induce its own topography,as in north Sweden and east 

of the Baltic. It may give a mere striped appearance to the topographic maps 
or rise into irregular swells that pay no respect to the laws of symmetry, 

?* ^"^^STice to the thickness of the 

drift, to deposition by dead ice^^j to the slow and uniform rate of retreat, 
Or to the later perlglaci^ effects (see p. 1150), 
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Chapter XIX 


DRUMLINS 

Form. Boulder-clay, which as a rule forms plains (see p. 385), gives rise 
sometimes to the peculiar "drumlin landscape'".1 Typical dmirilins are 
among Nature's most graceful hills. 'Fhelr smooth, ovi moonds or elon¬ 
gated ridges possess straight major axes and have rounded summits, steep 
flanks, regular contours^ and in profile flattened double sigmoid curves. The 
shape was faithfully reflected both in the earliest scientific terminologyp^ the 
" parallel ” or “ elongated ridges ” and mammillary or “ elliptical hills and 
in such popular descriptive words as “ hogbacks"" and “ horsebacks ” in the 
interior and whalehacka ” in the coastal regions of the U.S.A.^ The term 
drumlinj from druim a mound or rounded hill^ a gaelic word extremely 
common in place-names'^ in Scotland and Ireland, was used by J. Biyxe^ in 
1833 and brought into glacial literature by Closed in 1866: W* M. Davb^ 
introduced it into America* 

Drumlins occur usually en etheiort^ sometimes serially In ranks side by side 
and very occasionally a$ solitary features. They may merge at their base or 
dispose themselves at moderate intervals. ExceptionaUyp they are double- 
tailed or double- or triple-crested, the subordinate crests overbpping en 
j drumlina with undulating creat-Uncs or a alight sagging in the sum¬ 
mit are intermediate stages.^ Such twin-, triple-crested or serrated drum- 
lins grew from mounds which were initially separate. In some districts, the 
drumlins are grouped together in vii&t numbers, their tops fusing into a fairly 
le^'el drumlin upland.^® 

Alden^^ has well described how greatly the drumlins vary in their breadth, 
length and height. Keilhack^^ recognised five and T. C* Chamberlinthe 
following four types: (is) lenticular or elliptical hills; (t) elongated ridges; 
(<^) mammillary hills; and (d)till tumuli or immature drumlin niiclei(^*pseudo- 
dnimlins^t^). They grade from conspicuous hills, 200 ft (60 m) highp as in 
New York State,^^ to a subdued drumlin topography or ^Mrumlinoid sur¬ 
face or to famtj scarcely noticeable swells. These low^ broad mouldings 
or indefinite (lutings form Fairchild^is "washboard structure"!'^ which only 
a striped appearance of the contours or parallelism of the rumor streams 
suggests. 

Compilations of published statistics show that the average drumlin is less 
than 1000 m long and has a length-breadth ratio of about 2-5:1; in north 
Germany this ratio is 375:1.^^ The mean height is not so commonly 
recorded: it is less easily judged in the field or read from maps. Generally 
Speaking, it is rebtively smalh rarely exceeding 20 or 50 m^® j the vast 
majority of German drumlins are 5-15 m high^^ though the average in New 
\cirk Stale is 180 ft (55 m).^ According to Fruh,^ the size and mass are 
inversely proportional to the number and distance apart of the individuals. 

Notwithstanding their diversity, drumlins are governed by certain laws 
which are generally though not absolutely valid. In one and the same 
region, as in w^est and north-east Ireland^ Upper Bavaria, British Columbia^ 
Nova Scotia and New York^ they approximate (much more so than do roches 
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moutoiuk^’s) to a uniform size^j Aubt}'p«A are not intiermingled and a par¬ 
ticular type occurs almost to the exclusion of any other. Thus in New York, 
the mounds arc usually elongate and much longer than in Wisconsin^ where 
in the west they are higher and narrower, more crowded, and more steeply 
sloped than in most of the state,though tn the east they are prevailingly 
circular and dome-shaped—they are the original mammillary hills of Chamber¬ 
lin. They are practically circubr in parts of Massachusetts but arc oval near 
Boston27 (fig. yij. lit Maine, 2 ® they are lenticular in the w'est and elongate 
in the east and smaller than in New York, New Hampshire or Massachusetts. 
Those in north Saskatchewan and Manitoba are remarkably long and narrow 
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^d i^de of very sMdy till; th^ were early referred to by the Indian name 
tfpflrmw.29 Finnish dmtnhns belong in general to Chamberlin's type of 
elongated ndges^ (pL XlTI^p facing p, 416 J. 

field, Je drumlins change from the margin inwards and in the 
dirmion of flow. Thus they lengthen notably towards the axis of the lobe 
m Wisconsmii and in New York State32 where they arc rounder in the north 

folir"T"" m" *e Finger Lakes region they are 

longer m the north and sm^ler and lower in the aouth.^^ In Upper Bavariap^ 

partly longer near the margins, and at the edge of the 
^ imperfect and embryonic, i,e. they 

lunn! ''ayes wid, drumhn-like lines and curvm^s Traced into thJ 

hSrllt’ri J"f ^ and fewer; they merge 

into gentle undulatioiw and flutings^s^thc north Swedish tide wl of this 

type. At the margins, they pass imperceptibly into rock-drumlms (see 
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below) or scatter out upon the plain thejr also fade into faint swells or 
flu tings of the tilh one or two metres in height. 

Composidon. DiumJlris generally consist of the local boulder-clay. 
They sometimes enclose stratified material,^ notably at the base and in the 
core,'^* or if they rest on outiivash'*^ or on the granite of the Canadian Shield 
they may indeed consist of nothing clset"^ as in the Ill valley of Austria 
or about Kelso in Scotland. They sometimes display a quasi-stratification^ 
often arched to conform with the curved aurface^ and {Kcasionally a proximal 
pressure structure and a distal “tip-bedding"'.^ Bedding, however, is 
generally inconspicuous but is brought out by lines of bouIderSp by streaks of 
sand^ or by seams of loam and stoneless clay. It appears in differences of 
texture, of weathering, and of colour oonoected with the various layers" 
capacity for moisture.^^ 

The rock below drumlins i$ usually glaciated.'*^ It crops out in the inter¬ 
vening hollows or is concealed under thin drift. It often forms a core^"*^ 
though whether this is the rule or the exception it is impossible to say. Cores 
occur in Fennoscandia^*^ (they are typical in north Sw^eden^i in the larger 
mounds of Narke^^)^ in Jasmund and Rugenp^^ and in Switzerland, S'* but are 
rare in Latvia,in the Erie and Ohio basins,^ in east Wisconsinand in 
New Hampshire and Massachusetts.^® About Boston, the drumlins appear 
to be aligned above bedrock ledges. 

The core's position relative to the contour of the hill varies very much.^ 
The coat of drift may rest uniformly and symmetrically on the rock-nucUus 
a$ in the “veneered hilbor be eccentric to it, the nucleus in this case being 
at the crest or^ in most instances, tow ards the impact or proximal end. This 
IS noticeably so if the impact faces are very ateep, as in north Sweden where 
drumlins with cores completely covered pass into forms which had only 
enough drift to add "tails** to tlie roehes moutonn^es. 

The core may swell until the whole drumlin is wrought in solid rock as 
Close'^^ observed. These “rock-drumlins”,*^ “ rock-drums ”, *'drum- 
linoids”^ 5 or Jiundhdckerdrumlim^^) are sometimes 

found in the proximal end of drumlin fields.^ Their shape b almost in¬ 
distinguishable from true drumlins if they coincide with the strike of the 
rock^ but is generally less symmetrical or regularly sloped, is larger and 
narrower,and has an impact face which is liable to be mote abrupt and 
uneven."^* Transitions proving a common origin lint rock-drumlins with 
true drift drumlins on the one hand^^ and on the other with roches mouton- 
nies"^^ and crags and tails J'* 

Distribution^ I'he conditions necessary for drumlin building AVere 
apparently seldom realised: drumlins occupy only a small proportion of the till 
countpf. They are rare over vast regions of glaciated EuropCp and in North 
America are infrequent in Pennsylvania and New Jersey and lacking in Ohio* 
Indira, Illinois^ Minnesota, the Dakotas, and south Michigan. They are 
distributed, apparently capriciously, over wide plains and valley expansions 
and at debouehureSi and less commonly on alopics or uplands Packed in 
close-set series, they resemble a green, billowy sea, as in parts of Canada^® or 
in the “basket-of-eggis*" country of Co. Down, Ireland.*^ Partially sub¬ 
merged tracts^ c-g- Boston Harbour^ Massachusetts, have island-studded 
shores—many of the ink of Ireland, e.g. in Clew Bay, Donegal Bay and in 
Lough Erne, are drumlins (fig, 72; pi. XIIh, facing p. 353). 


39 ^ 


CLAOAL D£POSIT[ON: DRUMLINS 















DlSTJllBl/TtON 


393 

Dm ml ins somet lines dispose themselves in belts of considerable width 
which tmverse flat plains of till athwart the ice-flow; examples occur in New 
HampshirCp Central New York and Massachusetts In North America, 
they often lie behind morainic linesand in Swit^rland®^ are prone to rise 
between morainic girdles and central basins or from higher ground between 
Zweigb^ken. 

British dm ml ins are especially well developed in Go. Donegal®^ Co. 
Mayo®^ and in north-east Itciand^^ (sec fig. p. iziz) where they c.Ktcnd 
from the Ards Peninsula to the Shannon and Co. Louth and constitute one 
of the biggest continuous drumlin countries in the world; in Gallowaythe 
Tweed valley®^ and the Midland Valley^ in Scotland; in Wenskydalethe 
ncighbourhcx>d of Kendal, Oxcnholme and the Kibble Valley,®® between 
llelHfield and SkLpton+^'^ in the Vale of Eden and Sohvay arca^® in England ; 
and in Anglesey and the Wrexham district in north Walcs.^^ On the main¬ 
land of Europe, where they were long ignored (they were first described 
from the Salzach districtthey are found in various parts within the Alpine 
glaciationand, relatively rarely^ in north Germany(Ger. Rikketiberge), 
ill Holland ,^5 Jutland and Denmark.^ They have been recorded 

from the lands east and south-east of the Baltic’’^ and from Poland,^® the 
Lkrainc^ and Fennoscandia^™^ (e.g. Narkc, Ostergotland, Vastergotlandp 
!■’inland)* Forms have been identified with them from central Francepl*^^ the 
Dinaric Alps,^^^ Tienshant^*^^ SiberiaJ*^ Novaya Zemlya^®^ and ChinaJ*^ 

North American drumlins are grouped mainly in five areas: (a) Manitoba 
and Athabasca^*^"^; (6) New England^ ranging from Ontario,^^ New^ Bruns- 
wick^*^ and Nova Scotia* (2300 in the south-west) through south Maine' 
and New Hampshire(r. 700) to Connecticut and Massachusetts*'^ 
(c. iSoo), including 180 alx>ut Boston; (c) Michigan and Wisconsin, 1 ^“' of 
w^hose 5000 dmmlins 1400 are situated in the south-east; and (*/) central 
Western New YorkJ '5 This State has one of the most remarkable groups in 
the world; the belt w'hich is 35 miles (56 km) broad and 140 miles {c. :S25 km) 
long between Lake Ontario and the Finger J.akes (fig. 56, p. 284) and rises to 
1700 ft (518 m)^ comprises 5000 sq. miles (r. i3,oc>0 sq. km) and over 10*000 
drumlins. Where set close, they are ao-35 per 4 square miles, though 5 to the 
square mile is common and 3 is the average (cf, Badenp w here tliey are 6 per 
square kilometre'll). A fifth area occurs in British Columbia''^ where they 
probably number several hundred thousandL 

Original features. The origin of dmmlins has long been a vexed 
question; many hypotheses* such as those w^hich associate them with the sites 
of ancient moulins"® or rock-streams*ll^ require no refutation to-day. 
Equally indefensible is the assertion that dnimlins are not moulds impressed 
by ice but remnants of uniform and onee-continuous sheets dissected by tidal 
or marine currents,'20 by rain and streamSp'^l by extraglacial waters at the 
retreat'22 or by a reticulated subglacial drai nage .'23 But postglacial model- 
ling is inconsistent wJth the arched bedding, the parallelbm with the ice-flow, 
the transition into roches moutonn^es or crags and tails, the lack of boulder- 
strcwTi tops and the absence of drumlins from much of the boulder-clay 
country or from Mesozoic ot Tertiar)' clays.* 2 * Dmmlins preceded the 
deposition of moraines ,'25 loess,'2^kames, kame-tcrraces and osar ,'27 the osar 
sometimes side-stepping in a aig-zag course across them'2® or extending each 
w-ay from a traversing trench'2^ or mnning in the troughs bettveen the drum- 
lins and parallel with their major axes.'^ They antedated lateglacial fakes ,'31 
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as in Finland, the Stslw'ay area, and in North America Avhete they were 
decapitated and truncated and canned into spit$ and bars by the waters of 
lakes Algonquin and Iroquois(see p. 474) outlet streams 

*rhey underlie lateglacial marine like the ChampJain and YoJdia Clay^ 

and those of the loo-ft beach sea of Scotland, 

Smdl channels on the flank ^ more rarely on the crests and some of the 
terracing of Swiss and Gemnan drumlins^^^ may be lateglaclal modifications 
by flood W'aters or osar streams.Sands on the south side of dmmlina 
occurred west of Lough Neagh m Ireland and in Ontarioivhere drumllns 
emerged from stagnant ice and the sun warmed the ground and melt-w^atcrs 
deposited the sands^ 

Ice-moulded. Dm ml ins, therefore, are not residual but original. 
Moulding by overriding ice is borne out by their regular smooth contours, 
readily distinguishable from the sharp scarps of w^atcr-sculpture; by their 
elongation cquia^cial domes are rare; and by their parallelism with subglacial 
stream courses,with larger boulders and smaller stones — the preferred 
onentation of pebbles in the surface layers show-a that movement continued 
until the formation of the drumlin was complete. Dnimiins are also 
parallel tvjth lines of ice“flow\ almost always that of the basal ice of the last 
glacialjonj^^ The parallelism with the striae, detected fir^ by and 

Mter a long mter\^al by Close, has now? been obsen^ed countless times 
It IS recognised in De Geer’s term radial moraines‘^ 1 *^ and is well depicted 
m the area of Oder Ix)be (see p. 1163), in north Ireland ,^5 in the 

Michigan sod in Penck*s maps^^^ the radially arranged drumlins 

in the glacier^lobes of the Alpine glacbtion. Flow-direction is indeed better 
given by drumlins than by striae*"^® which seldom continue for more than a 
few' yar^ are apt to be influenced by detailed topography. If relief 
altered the direction, drumlins shotv similar dcparturcs.l^? Where striae and 
dnimlms do not coincide in direction, as occasionally noted,^^0 this is due 
to a difference in age,^^! to a local deflection of the basal ice-currents 
these may cause the longer axis of tlic drumlin to be slightly cun td to 

a tendency of rock-drums to follow the strike of the rocks 

Size and shape are alike related to the ice-motion. Drumlins in a par- 
ticiilar area are apt ta be of a particular size (see above) because the vdocity 

were sindler near the end-moraines where 
the flow diinini5hetJ,lJ5 The broader and shorter drumlins, often found on 
rising ground, were probably fashioned in more slu^isb ice, the longer and 

more tapering ones in more active flow.i5fi 

fhanoM va^ing shapes of the DonegaJ dnimline to 

Deposition along the median line until the 

d^„„ Ir. O'fi Mcatc alttration in the flow- 

j , ^ forms consistency in direction. Sudden changes pro- 

?/ " Double deckers " or Vo-tier 

dmmhns in the Genessce valley may also be related to such a change, 15 ® Re- 

^he drumlins and has added one or two distinct 

'=on»‘i«ent with ice-mould- 
distal end narml 1*^ generally broader, blunteip ateeperand higher, the 
foSJi Th- more tapering^“ tadpole drumlinsare extreme 

forms. This asjmimetr;-, which Hall and Close early pointed out!”> L 


ICE-MODLDED 


39S 

since been found in various parts of the worJdj^^^e.g. British Isles, Germany, 
Sweden, Switzerland and North America: even roct'dminlina display 
Occasional statements to the contrary apparently concern mounds which 
are not true drumUiis or rest on erroneous fldw^-determinations. 

This asymmetry^ harmonises w^ith physical law. Drumlinsi as experi¬ 
mental evidence confirmsj^ are stream-lined^*^; they present their steeper 
face to the moving medium, in order to offer the minimum resistance to the 
flow by hindering the formation of vorticea In the rear (which act as a drag 
on the moving body). Similar adjustment is seen in snow forms,in cer¬ 
tain dunes (Ger. SMckdiinen) and sandbanks in rivers,in the shape of 
torpedoes or fishes, or better still in those rheotrop animaLs, with hgmistream- 
line formp which cling to the bottom of brooksand because of lower 
velocity have less steep fronts and less extended taib—in these forms the 
average position of gTCatest transverse section is at a distance of about 36% 
of the total length from the snout. The streamlined form or rock-nuckus 
(see below) may keep the drumlin stationary; though erosion at the proximal 
end and deposition at the distal end may cause it to travel downstream (see 
P-39S). 

Drumlins are normally laterally symmetrical unless they rest on slopes 
which rise with their minor axes^ Occasionally, in a whole field one side 
(usually the eastern) is steeper,^^* the angle differing by 10° or The sug¬ 
gestion that this 1$ due to erosion by postglacial streamsis erroueoiis and 
inconsistent with their form. It may be referable to a difference in the lateral 
pressure on the two $ides»^^^ connected possibly with Baerb Lawi^*^ (see 
P4 36)5 but more probably with a change In the flow-direction during melting 
(this sometimes added tails aligned in the netv direction) connected with a 
readvance,or a re-orientation that was arrested before the drumlin could 
be completely swung round.Non-coincidence of drumlin trend with the 
direction of the bouIder$ in the till suggests such a change in flow-direction. 

Ice-moulding is also seen in the pressure effects sometimes observed at the 
proximal end,l^® in the faint and parallel flutings along the flanksl®^^ and in 
the “washboard fluting” of low relief, as in Netv York State^®^; it is clearly 
irreconcilable with the superglacial origin occasionally advocated.^ 

'llie main facts concerning the structure of drumlins are generally admitted, 
as are the inferences that the shape is original and connected in some way 
with the depth, consistence and rate of motion of the ice. Here, however, 
unanimity' ends. 

An appeal to modern glaciers is unavailing, since drumlins iVi statu nas^eridt 
arc unknown though accumulations somewhat resembling them have been 
described from time to time. An ice-moulded mound, 50-too m broad and 
200 m longj which simulated a drumlin in its composition and asymmetry^ 
was discovered within the moraine of the advance of the Glarus Glacier of 
1853^135 Similar forms w'cre aftenvards detectedin connexion with the 
Steineii Glacier and Grubelfemer and w'ith the Zungenhetkea of the Biferten 
Glacier whose mound was ijjo m long, i:2o m broad, and had a fluted surface 
and the composition of a ground-moraine. They have also been seen in 
Greenlanders while drumlinoid curv'cs^®* have been obsenTd in the ice of 
Greenland and Spitsbergen (see below). 

Submarginab Drumlins may have been deposited by prolonged and 
potverful ice-modelling under the thick ice of maximum glaciationJThus 
rock-drumlins are parallel to and frequently indistinguishable from tj'pi^^^l 
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drift dmmlins; dnimlins^ as in the Yale of Eden^ sometimes dispose them- 
selves in accord witli ice-fronts reconstructed by frontal deposits and marginal 
drainage; and the broad sweeping curves of the drumlin streams over wide 
regions date from a dine when the ice thick and detailed relief scarcely 
^ided the flow. Drumlins, indeed^ have been related in placeSp Cig, in 
Edenside and the Lough Erne and Lough Neagh r^ons, to basal icesheds 
(sec below). The absence of moraines or other retreat features from drumlin 
^eas below) and the discordant trend of the drumlins with the last icc- 
liow which seidom influenced their trend in any appreciable vvay^ have been 
exp amed by supposing the icc to have been clean and sluggish or even 
stagnant at the dissolution. 1^8 

Some hold that drumlina were left behind at the last tvithdrawal J*!' and 
Were laid down submafginallyJ®® under active ice possibly 90-180 m thick'll 
9 ^il® (8-I4 'j km) back from the edge'^- as Wisconsin obser- 
' 3 tions surest. > ^>3 1 Kus they are radially d ispcecd to the retreat moraines,' ^ 

are parallel with the late system of striae,occur in successive belts, each a 
number ot rndes or kilometres in the rear of 3 moraine,'^ and are rare within. 
10 ^ (t kin) of the outermost limit.They have been linked with 

osci ations, each successive advance, within a major movement, adding one 
of the concentnc layers.'®* » e 

Drumlins are almost all restricted to the last drift,'®® e.g. the Wisconsin in 
'J'c Wiirm in Switzerland, though a few have been found 
Ireland,^ of Riss age in the Danubian portion of the 

rri-t ■ Jlbnoian age in North Americap-^^ and of the penultimate 

glaciauon m South America, 

They were built up near the end of relatively ihin ice which was moving 
s ow y yet preying sufficiently to mould the material. They Were eoiti' 
^ tiTicovered the area; their on times are beautifully 

osar and moraines in the few cases where these are 
gc er (s« below)' and they are occasionally trenched by osar 
str^s or emerge from out^vash or pitted plains.^** 

nn/t !!! origin is also suggested by the mutual exclusion of drumlins 

Ti-inif 'k.. subntarginaJ accumulations as osar and moraines.^"^ 

tho i™ /1ft ■ ^ coast^Nori^tten has been linked with the floating of 
basal melti^ff^- ^ retreat. Ilogbom^^ thought drumlins were formed if 
Th<? ciiitTTtaf ■ “ ™o™ncs where supcrflcial melting predominated. 

drumlin h/flta moraine are occasionally discordant2"*’ moraines and 

mTv sonietimes PYallel (see above); chains of drumlin mounds 

from rccewiirm^^t^^^' ^ Lawrence^; and a distinction 

k“ 1 difficult to makeaitt-W. Upham’s 

a moraine iL H'ffl Auvioglacial core, is apparently part of such 

out belowl ^ 'I'fficuItiB are arguments favouring the alternative view set 

eri^'i'J built up principalJy of englaclal 

Sv ttidr till is Jompaft and 

characterises the Winnipeg drumlinsJ'*) and 

Others Imlrn M number toward the proximal end.^'f' 

Tcswrc and more angular boulders as englacial^n fsec o -i&i\ hdolYt 

of .h. drumlin. ™y rho uppn, ItaS?.. ® 
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Erosion hypothesis. The thesis has been often advanced that drumJins 
are earlier drift sculptured by adv'andnj^ ice or the waning lcc-flood ^l^(" sub¬ 
glacial exanition-landscape''^0). They are end-forms or roches mouton- 
necs in arched forms of least resistance stable beneath ice which is 

subject to a certain rhythm.^ They arc the outcome of the overriding or 
channelling of earlier drift sheets,terminal or median morainea,^^ of 
outwash sands and gravels,^^ of lacustrine deltas.^* of osar and interglacial 
lake-clays .227 N^r Mount Billing and in Vastergotland^ they pass into osar 
and join up into corresponding lincs,^* and in Bavaria they are sometimes 
concentrated along a zone which coincides in orientation and width with the 
lines of median moraines.^ 

The reasons which prompt the idea of derivation from overridden moraines 
are the tendency of drumlins to group themselves in row s and belts suggestive 
of morainic lines or w'ithin readvance moraines 231 ; the duvioglacial con¬ 
tent of some 232 - the gradual passage from marked drumlins into morainic ter¬ 
rain and the drumlinoid forms^ aligned with the ice-flow, in moraines 2^^ 
and connected w'ith streamlines. 2 ^^ But, as critics point out, the material is 
homogeneous and compact, stratification and bedding are generally lacking, 
and watef-wom detritus is insufficient or absent—the contention 23 * that 
moraines are not always stratified and sections in drumlins rarely deep 
scarcely meets this objection. Moreover^ although moraines overridden 
during readvanccs are known 2^7 they nowhere assume the drum I in shape. 

Accretion hypothesis. The seemingly opposite thesis, that drumlins are 
constructional, accreted on gentle slopes by successive additions from en- 
glacial or subglacial debris under a thin or weak ice-border, has been widely 
held. 23 a Drumlins were built up, on the analogy of longitudinal sand banks 
in streams, where supply waa excessive.233 'fhey grew' at the margina of 
slowly moving masses of ice where the gradient was low {and subgladaJ 
waters were stagnant 2^) and the velocity was retarded by {a) local overload¬ 
ing 241 xwiih thick preglacial soils, weak or soft rocks, or earlier.drifts; by 
(A) fanning, as in radiating ice-lobes^4^ and at the mouths of valleys or passes, 
so that the debris was pressed up along basal or longitudinal cre\'asses 243 
fell into them from above ,244 ^ven if the stresses did not actually achieve an 
opening hut merely weakened certain places 245 ; ^nd by (c) the ice passing 
into the sea .246 qj. rising ground, 24 '^ as on the Vaudois plain. North 

Gciman Plain, in New York State and British Columbia or around the 
Alpine Zuiigenbeck^. In opposition to this view, it has occasionally been 
thought that the drumlins were formed at places of congestion.24S 

Drumlins, it has been surmised, grew ^ong the plwe of contact of two 
media (ice and ground)^ irrespective of any obstacle wffiich was the disturbing 
exception rather than the rule. 245 * The immediate cause may have been a 
change in the direction of pressure 230 ; a rocky buss or obstniction , 25 l such as 
a spur projecting from the margin of a Zmsgenbecken which the ice had sought 
unsuccessfully to remove by abrasion and plucking; a mass of earlier drift; 
or ice excessively charged with debris ,^52 a lodgment of boulders ,233 a knob 
of frozen till,254 qj accumulations in glacier-stream channels. 2^3 An origin 
in surface crevasses is irreconcilable with the ground-moraine nature of the 
drumlin's material and their failure to penetrate to the sole. Genesis in 
basal creTp'asses or in subglaclal drainage channels (see p. 253) does not 
harmonise with the abundance or shape of the drumlins. 23 * 

E. Eber 5,257 from studies in the Inn valley, has suggested the following 
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evolutionary stages: (a) striped arrangement of the ground-moraine; (A) in¬ 
cipient indii^idualisation of die strips into irregular hills; (r) construction of 
steep, proximal end; and (d) full development, 

American geologists^ from observations on Greenland glaciers,^® have 
formulated the laws of structure and behaviour of the ice w'here it encounters 
obstructions and develops thrust planes. G, Slater ,239 extending the law s, has 
shown that glacial disturbances are of two types; (^r) a roche moutonnde type, 
associated with fonvard movement in which the ice, superimposed on the 
“ core” dips off in o-pposite directions, accompanied on the iceward $ide by 
thnist planes and squeezed anticlines or flow folds, on the lee $ide by tip 
structure and flow curves taking the form of drawn-out lenticies; (A) a stag¬ 
nant glacier type in which thrusts or imbricate structure occur throughout 
and anticlines in the lee. The structures are preserved as "glacial pseudo- 
morphs" or fossil glacier structures, such as C. P* Berkey and J. E, Ilvdc 
described from^ North .Amcrica^*^ and K. Richter from north Germany. 
Thus in Slater's opinion, the moutonnee cores of boulder-clay led to local 
pressure gradients and a plastering of additional material on to the sides of 
cores^ the movements being along thrust planes—similar structures in Illinois 
have been attributed to freezing and thawing in frozen ground vv’^hich vva^i 
outside the ice-shect,2*^ 

In west Greenland^ layers of ice charged with basal debris were observ^ed 
flowing over a rock-boss in a curv^e resembling the dnjmlin’s longitudinal 
profile. This true drumlinqid cun c represent$ the balance between the 
force of ov'erthrust and the tendency to accumulate material below the drum- 
linoid line of shear where wave-shearing, 2 *^ possibly allied to Helmholtz's 
wRves ^ or T. Rch hock’s Wassmcakcfij^ reliev^ed the strains. Pressure 
and frictional melting ag^nst obstmetions favoured depositionExperi¬ 
ments show W2X passing in like manner over low prominences and its 
lamination. 

AAer the initial drumlin stage and the deposition of Chamberlin^s tails " 
j the ice dropped its load in the marte-espn^^ in the 

^is tendency being favoured by the strains that the drumlin nucleus 
Set up in the ice. 1 Pr^ure compacted and moulded the debris of these 
ramps as m Cage's ex|>eriments. 

WTiile those drumlin^ which have a rock core were presumably stationaty, 
t ose without may have migrated as the up&tream side w'as eroded and the 
matend was transferred dowTi 9 tream 272 _i^ova Scotia drumlins have mi¬ 
grated irom. the slates on to the quartzite country (see p. 379). 

W. Upham expressed a rtiQn or less similar to that of DeLue,^^-* 

t at rumlma were formed when thin, debris-laden ice was o^'erridden during 

J thickening of an advance; differential shearing incorporated the 

dnft m great lenticles. 


Accrehon aad moulding. The preceding observations establish the 
realty and impor^ncc of accretion in building up drumlins. The activity 
of the ice during this time is demonstrated by the following observations: drift 
ramlins pass into ro^-dnimlins^’S; rock emerges at the proximal 

j ’ Cffficentic grooves sometimes encircle the iceward 
nnnmiAli ICC producR dnimlmoid forms.^TS Accretion, however, was 
pjHM* y er^ioii which prevented the drumlins from exceeding a certain 
umfotm elevabon in particular region.^eo The control was complex. If 
c ma cn was inadequate, the mounds were cither isolated and sparse or 


ACCI^ETION ANP MOULDING 


m 

irregularly fashioned^ small or cmbryoiiic^^^; drift-veneered knobs likewise 
tended to be The size depended too upon the consistency of the 

drift. Adhesive clay, by acting as a lubricant and adhering to a mound 
already started, facilitated the building up processes3^ dnimlins in Nova 
Scotia are restricted to slate belts (see p, 379) and the boldest and most typical 
ones in New York rise from clayey rock, e.g, Salina Shales.2S4 If made of 
sand^ on the other hand, they arc low ^®5 ^ Switzerland, Bavaria and about 
Dorpat, or less perfect,^^ as in the Vale of Eden. Drumlins arc relatively 
broad in granitic areas 28 ? oj- where the drift is thick,^*® but arc long and thin 
where the drift is thin,-^® and are poor or absent if materia] is friable or 
bouldery as in Chamberlin's'' immature nuclei ortill tumuli The 
size was also goven’ied by the depth and rate of flow of the ice^^^; the mounds 
were apt to be more or less rounded if the flow was variable or indefinite 
but were attenuatedwhere the ice moved more quickly or rigidly and 
consequently more erosively. They w^erc high and broad if situated among 
rochet moutonnecs and low if the relief was low and coincident almost with 
glide planes in the ice, as around the Gulf of Bothnia.-**s They may belong 
to the intermediate region i^vhcre erosion and deposition tended to he in 
conflict.-'®*^ 

CoQcliisions. Drumlins are an expression of the equilibrium between 
the erosive action of ice and the opposing forces of the solidity and cohesion of 
the material; the “plastering on” and “nibbing down^’ proceases took 
place at the same time or in rhythmic alternation. The ice moulded the 
accumulations which were limited in their height and other dimensions by 
its erosion. Hence, the tvvo views of erosion and accretion are reconcilable ■ 
they emphasise different aspects of one process; in some cases the one was 
dominant, as in the case of the rock-drum I ins, in other cases the opposing 
process. In certain regions, the proce^sses seem to have been at tvork at the 
height of glaciation, in others during the retreat. 

Much, howev'er, remains to be elucidated. This is inevitable w^here so 
many factors are necessarily indeterminate. Such as the rate of flow and for¬ 
ward thrust of th^ ice, the thickness, pressure and plasticity at the place of 
drumlin formation, and the amount of engkcial material at each stage of 
glaciation in the various parts of the ice-sheet. The problem of when the ice 
formed till plains or '‘‘non-drumlin areas” and when drumlin landscapes is 
still unsolved. Drumlins may occur if there were minor readvanecs^^ (see 
P- 397) ur overloading, plains where the drumlins were later d^troyed^(most 
improbable). Alternatively* drumlin$ grew on a country of uneven bedrock 
and plains arose tvhere the subjacent rock was smooth and the ba^al drift was 
evenly distributed and the pressure at the base of the ice was uniform,^* or 
w'here the velocity did not reach a certain critical velocity^ as in tlie centre of 
ice-flow^ diamonds (see p. 715). Further progress in the understanding of 
these and other factors at the base of the ice w^ill depend on the further 
elucidation of the basal ice-fiow^ 
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Chapter XX 


MORAINES 


Classification, ihe rarity or absence of exposed rock and the low 
velocity and slight erosive power of the ice cause debris to be scarce or lacking 
□n the surface of shect-icc or plateau glaciers, f^, Agassis?^ early postulated 
this for the Pleistocene glaciers of the Alps, Confinnation came later from 
observations on modem ice-sheets^ in Greenland and Antarctica and on the 
plateau glaciers where superficia] morainea are few% short and narrow; dust 
particles in the air over Ross Barrier are only half as many as over the 
intd-Paeific.^ 

I^bris, howeverp is usually plentiful around the margins of ice-sheets and 
glaciers. This material, designated moraine, is named lateral when dis‘" 
tributed along the sides, and frontal or terminal if laid dow^n at the front or 
end* Inner lateral moraines unite into a median moraine at the confluence 
of two glaciers and travel down the united glacier along the plane of contact. 

Ih^ terms were introduced by Agassiz^ in 1838 and independently by 
Godeffroy^ two years later, though l lugi^ had already recognised the various 
tj'pes jn 1830 from which time morainic studies may be said to have assumed 
a scientific aspect. In de Saussure^s day, the word moraine was variously 
and 1^-mngly spdt^; IL Besson » for exampJe, in 1780 wrote rfiarimt. De 
fcsaussure gave literary ^cdon to the Savo>^Hl word moraine, derived 
L ^ Latin a bank of stones. Some glacialistSt In- 

eluding such ^ly writcRi as Besson, Charpentier and de Saussurc, restricted 
the term to def^ited moraineSp while later glaciafists like Agassiz„ Ford, 
Heirti and Penck distinguished betivecn moving and deposited moraines. 
The distmi^on was recognised in the elassihcation draw'n up by the Interna¬ 
tional Glacier Commission which, at a conference on the Rhone Glacier in 
1899,^ attempted to remove the confusion in the liomendaturc that then 
existed. 1 he Commission's classification is subjoined. 


Ciassijicalton of tf^foTaines 


f Moraines superficieille^ 
^. , (SurfKc moraines) 

Mcmincs mokivintes 
(Moving moraines) 

Moraineii interne? 

{ IntexTuI morain»> 
Morainea mf^eurts 
V (BaraJ moraines) 


Nforaines Isi^mlcs 
(Lsccral mormLnes) 
Momii^ m^imn 
(Mediui moraines) 


^Moraines rempsTt 
(Dumped moraines) 


* 


Morimcs Moraines de fond 

(Depotited (Oround moraines) 

moraines) f 


Morainn longitudinalcs 
(Longitudinal moraineii) 
Moraines marinates 
(Border morames) 


Momifies prtifondes 
(Ctround moraines) 
(Dnimliiu) 


M. Hveraines 
(Flank moralEiei) 
Ml franealcs 
(TeiminaJ 

moraines) 


40 + 




LATERAL MORAINES 


405 

The classifications of P. A, 0 ycnio and A. v. Bohmii involve new ter^ 
niinologiea and an unnecessary^ difFerentiation of subtypes. 

The following brief description does not stress "the diiFercncc between 
moraines at rest and those which are not; for these differ in no essential 
respect. The basal or ground moraines have been the subject of the tw^o 
preceding chapterSn 

Later^^ moraines. Superficial moraines (E. de Billy's “dorsal 
moraines include lateral, median and terminal moraines. Of these, the 
first are perhaps the simplest in composition and mode of pccurrence. They 
form sharp crested ridges and usually show no arrangement according to siKe 
or weight,They are derived from several sources, vLz. subaerial ablation 
in the fim, beat and cold acting upon the adjacent clif&i, streams and torrents 
fed by rain storms in w^et weather, and erosion of the glacier's bed and 
sidcs.^”* Frost acts along the struetural planes in the bare walls and builds 
scree-chute gullies. Its operation is supplemented by rock-falls and by 
avalanches which pour dotvn couloirs and contribute much angular material 
(see p. 579), 

The factors which control a moraine's size are many* They include the 
rate of motion of the ice; the inclination of the valley w^all and the presence 
of structural benches which determine whether the detritus shall rest on ice 
or on rock, gentle $]op>es contributing litde and being in some degree pro¬ 
tected from further action by their cover — the effect is secfit for instance, in 
the Contrasted size of the moraines east and west of Lago di Garda; the nature 
^ adjacent crags—large moraines skirt the base of soft tuffs 

and breccias in Iceland aspect,^^ as for example in the eastern Alps and 
Dakota; and landslips which are prone to occur if there are oversteepened 
sides or suitable structures. The **1850 moraines” of the i\Jps are up to 
too m high and moraines in Greenland up to 200 m high. Continuous 
moraines may be fed at only one place and receive additions at no others. 

hoivever, fall on to points at unequal distances from the ice- 
(Chai7>entier's mcmims doubles^ triples et multiples^^). 

Glaciers in the Pamirs and Himalayas (except in the north and east) are 
noteworthy for their extensive morainic coverthe cliffs are steep and high, 
heat and cold are extreme, and avaJanches, some of them shaken down by 
earthquakes^ are highly frequent.^^ Dust blown from Baluchistan and 
I ereia added its quota,^ Occasionally the moraines are joo m high .23 
I he larger glaciers of the east side of the South Alps of New' Zealand are 
^rnpleteiy covered with debris for the last few miles of their courses.-^^ 
Pkistoeene moraines in the Hohe Tatra owed their unusual sixe to jointing 
m the granite and to high relief, 

SupergJacia] material is generally ivithout polishing, scratches or other 
signs of glacial action.^ Such englacial and subglacial constituents in the 
moraines as do occur are recognised among the angular fragments by their 
subangularity^ and occasionally and especially in limestone districts by their 
sinoothcd and striated boulders, though these are strikingly rare in association 
with modem icc.^® 7'ill however does occur in modern moraines, e.g. in east 
GreenlMd,2‘* Moraines extruded along the borders of nunataks, particularly 
on the impact side (moraines par obstacles c.g. on the Jensen and Dalager 
Nunataksand on others in Greenland as well as in Spitsbergen^^^ consist 
largely of such ground moraine.^-* This k due to increased frictional resist¬ 
ance at the base of the nunatak as Tyndall surmised and Chamberlin proved. 
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The crag and collar*^ or "crag and cap*^ moraioi^s of Pleistocene glaciers 
were comparable. 

I^atenil and subglacia] ^trcanis and tabling of surface debrisfsce p, 60) 
contribute rounded material. 

Lateral moniiiies often strongly resemble landslips topogiaphicaJly,^^ 
notably if they have settled or shifted since the icc withdrew or erosion has 
dissected the slips. The distinguishing criteria are (a) tlic relationship to 
the rocks in n/a- (i) the condition and nature of the material^ — a moraine is 
heterogeneous^ a landslip^ local and uniform in its composition; and (r} the 
topogpphy of the accumulation^ e.g. a moraine is Sipproximatcly even in 
elevation and continuous across a tributary valley (morena where 

a lan^lip ridge could not form^ or links up with a teirninaJ or recessional 
moraine by an intermediate ("longitudinal*^^) moraine. 

1 here may also be confusion with screes, unless the accumulation Is wall- 
hke and enclo^ glaciated boulders; with soli fluxion ridges, as in the German 
i ittelgebirge- ; with mounds of loose material formed by sliding in wet 
weathi^ ; With eroded alluvial cones'*^; with lategJadal avalanche heaps, as 
in tiic Sareks region^; or with terraces, as exemplified on Gaussberg (171 m) 
where outcrops of hard lavashave been interpreted as moraine+'^ 

moraines* Composite gladers carry on their backs one or more 
n ons of debns who^e serpentine courses follow the glacier's windings. 
Dc Saussaure ^5 expressed the view^ which persisted until much bter^^ that 
1moraine was thrust up by the ice moving from the glacier's side. 
1 he true expiration that it arises from the union of the inner lateral moraines 
at the point of confluence of two glaciers was given by B. F. Kuhn ^7 in 17S7 
and much later by Ag^iz and Charpentier who recognised that a median 
mo raine may originate if only one of the glaciers has a I ateral moraine.^® It was 
rcsen e or Godeffoy to give the simple formula connecting the number of 
median morames with the number of confluent glaciers. On the unbranched 
glaciers of bweden, median moraines arc obviously verv^ rare.^o Median 
moramKaiscs stream from the lee sides nf nunataks 31 or the ends of spurs pro¬ 
jecting rom t c si<^ of glaciersor appear at the place of emergence of 
u^r moraines.- They consist of scree or tandslipped material; in the latter 
they fom more or less separate heaps (moratMs passogires or moraifta 

d^^boulenunl,^^ moTQwes circemcrilesS^), 

Latcml morses gradually unite and mingle their materials, though they 
ms^ffctjun their petrolt^cal differencess«; one half of the moraine of the Aar 
UlacicT js dark mica-schist. the other white granite. 

nccessanly near the median line. Their position 
‘depends upon the relative strengths of the confluent 
dir*r+lv api- ''*ry Unequal, the median moraine may be pushed 

nhliniiP ^ 5awe^er glacierthey constitute AgassJzV 

refe.T a glacier’s component/ do not invariably 

die^ ^ moramc may become marginal if a lateral stream 

j ° nwraiiiM may unite if the central component ceases,** 

twfmw r/ ^ of lateral glacicrsCi; 

there n^y be a senes of them one within the other 

“ll«?ivdy like a glacier tabte, protect the 
[._of jee, capped wiA moraine, widen as they 


Underlying ice. 
travel by sliding from their flanks 


the alou-mo (tntt-n e^f ;♦* ’"" of the glacier’s curv'ature and 

movement. This spreading partly explains the dirty 


median: and inner moraines 

end-portbD& of some glaciers* e.g. the Z'mutt and Aar glaciers of Switzerland 
and others in New ^aland. Occ^ionallyj as in the arid regions of the 
Mount Etx^rest part of the Himalayas, median moraines may repose in sunken 
tronghs*^^ 

A median moraine is composed not only of angular surface fragments but 
of subglacial material.^ as C. de Seue noted in Nor^vay^ F. Simony on the 
Dact^tein glacierSp Penck on the Sonnblick glaciers, and S. Finstcnvalder on 
the Vemagtfemer, It also contains detritus rounded and glaciated along the 
plane of contact of confluent glaciers which move unequally,a$ on the 
Fiirkelferner where vertical boulders, disposed paralld with the flowr, lay in 
numerous parallel line$< Penck^ explained this phenomenon on the Wur- 
tenkees by supposing that the seam opened occasionally to admit boulders 
which reappeared by melting. That median moraines may extend down¬ 
wards to bedrock was suggested by E. de MartonneS^ and has been proved in 
a subglacial tunnel 500 m from the snout of a Greenland glacier.^ 

If a median moraine arrives at the snout* it helps to build the terminal 
momine. If it is kid down before doing so* as at the final meltiitg^ it may 
retain its linear shape (pi, XIIIb, facing p* 41:6). 

Median moraines of Pleistocene ^c are relatively rare*^^; they were either 
destroyed by latcgkcial or postglacial streams or masked by accumulations 
^vhicb were let down at the dissolution. 

Inner moraineSi Median moraines which, as Forbesobaer\ed, 
gradually appear at the surface without any visible rock-source^ spring from 
emerging inner moraines. These vertical and parallel bands of debtiSp &een 
in the walls of crevasses or the terminal faces of floating gkciers, e.g. the 
Barry Glacier of Alaska, are derived from avalanche conesor from fragments 
engulfed in crevassesnr plucked from the summits or lee sides of rocks 
jutting into the ice 7 ^ Ground moraine may also be squeezed up along a 
plane of contact, as actually ohser\'ed ,'^5 or demonstrated by marine shells in 
some Icelandic median moraines.'^^^ Ridges of debris transverse to the flow 
{Quermoratte^ cross* oblique, melt or pseudo-terminal moraines) may come 
from basal crevasses or steps in ice-ralls+^^ The closely spaced ice- 
crack" moraines of Canada(""washboard moraines'*)* which were formed 
parallel to the ice-margin during the closing stages of glaciation, may be 
"" annual moraines ** (see p. 1 151 ) or related to these cross moraines. Finster- 
walder^s mathematical theor>^ (see p. 121) explains how inner moraines appear 
where the streamlines emerge that originated in a union of glaciers in the fim 
region. 

The inner moraine^ w^hich springs from subglacial sources and, as In the 
plateau glacier t^^pe* has some glacial material*^^ broadens downw^ards as on 
the Hochjochfemer.*- This partially esplains the wider spread of debris at 
the end of many composite glaciers like the Aletsch, Low^er Aar and Gomer 
glaciers of the Alps and many in the Karakoram-HimaJayas where the whole 
breadth of the glacier is covered for many kilometres from the ends. In 
these mountains, however, the great spread of materia! was derived from 
almost ceaseless avalanche falls: the Zemu Glacier lies under such moraines 
for 18 km from its end, the Baltoro Glacier for 50 km. In some cases* it is 
ground moraine brought to the surface along shear-planes (see p. (ly). 

Terminal moraines. Teriturial moraines are of many kinds. The 
simplest is the snow^-slope moraine* variously designated fim moraine,®^ 
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Stknstblochvmii^ SchntscbtitticaU^^ “iiivation ridge** winter-talus 
rMge"a 7 or - procalus rampart "\8» These fringes of talus, which may reach 
the dirnensions of lofty ramparts, are disposed in irregular scallops far out 
from cirque walls or in the shadow of escarpments or steps beyond the limits 
of rolling of modem scree, 1 hey were erected, as is observed at the present 
day,®^ at the foot of perennial or winter snow-wreaths which, often aided by 
avalanche falls, rose against the rock-face and filled the hoLlownow frequently 
occupied by small tams.^ Terracing results from seasonal variations of 
grovrth. J he moraines consist of angufar scree which was shattered from the 
crumbling heights above the snow' and has glissaded to the bottom. Trans¬ 
port and splifluxion facilitate more rapid weathering than on similar faces free 
from Snow. Rock slides have contributed to the actumulations.'^^ 

Pleislocene moraines of this kind w'ere widespread,as in the Alps,. 
German Mittelgcbirge and British Isles; their short distance from the diflF, 
t eir regular and their lack of striated boulders or of drainage gaps are 
ijgnostic. They may, however^ pass into true moraines if the snowfields 
glaciersor into bjock moraines as in the Pyrenees.^^ 
Morainic debris concentrates at the ends of valley glaciers. Surface 
moraines, lateral and median, mix inextricably with the emerging englaclal 
detritus as the plane of ablation descends. By protecting increasingiy the 
un er ying glacier, they retard its melting and blend it imperceptibly with 
‘ behaviour in arctic and temperate latitudes is reversed 
in t e where surface fragments become englaciaJ by counter¬ 

sinking and by the outward drift of surface snow's (pi. XI Va, facing p. 417). 

^ crminal moraines, which are looped across valleys or over plains, contain 
ere ore an|piLar supcrglacial material, W'ith a little englacial and stibglacial 
matenaJ as Bea^n (1777) and de Saussure (1779) early obsen^cd in the Alps 
and later mvestagators^^ recorded both here and in the Arctic and in Pleisto¬ 
cene moraine. Though usually unstratified and unassorted they some- 
pmes harbour watenvom ^d stratified sand and gravel,where melt-water 
IS copious, an consist entirely of well-washed gravels and sands where the 
s an s m water* Cirque rnoraincs which are coarser and steep fronted 
ave partial ary angular material^ as Collomb^^^ emphasised; their frag¬ 
ments a^ h^pgene^ and lack the finer elements. L^iteral moraines in the 
high 102 ^ angular debris because their valley walls are 

Block morain^ {Geschiehe^lkm - -bear^den moraines occur if the 
or^o fin^ t I^eir blocks are scattered over many acres with little 

the L Switzerland fumishes the classic exanripJeJ^^ 

olvser A m long and 300 m broad. Other instanceshave been 

of ^ the wasting away 

in size to its valley though in some 
^ stagnant ice.nw It is cspectalJv bie in the 

momnic amphitheatres (onJiteatTo moretiico) of B. Gastoldiiw wLrc the 
material ivas grratJy roncentrated. The moraines sweep in vast ans around 

the southern ends of the north Italian lakes iio..e .. iv ^ Vu . 

lar moraine in . tdiian laiccs, ’'as ptltrea—thcrnostspectacu- 

thebk ™omo^llin.T7’'''^ 500 m above 

in tunnels thrautih^th*'^ ^ i^lways to adopt sinuous curves or to burrow 
m tunnels through them. In Iceland, they rise up to , ,o m above the snr- 
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rounding pbSn ^ l * and in South America to 400 or 600 m above lake-surfacesJ 
Distinctness and sis^- are a function of many varinbk^, the chief of which are 
the supply of debris, the duration of the halt^ and the atate of the glacial 
drainage. Moraines, howeveip do not accumulate aa a matter of course but 
only if conditions are favourable. They may be poor or wanting if glacial 
flood waters w^h the material e.g. below the Fedchenko Glacier of 

the Pamirs, the Tasman Glacier of New' Zealand or the Pleistocene ice in the 
Lake District, or the seaw ard side of tlie coastal mountains of Alaska, or if they 
are buried under outwash sand or lake-depositsor later boulder-clay. 

1 here may also be none if the ice is citron or w^astes downwards near its 
margin**^; if it advances and then without pause inimediately shrinks back; 
if it retreats steadily and drops its load uniformly as a superiicial cover to 
the rock or ground moraine; or if advances push the accumulations to one 
side as a stau lateral morame+^^^ Drift borders without end moraines ha%'e 
long been recognised and described as attenuated (see p. 899 )h 
M oraines may mark pauses both at the limit of glaciation (Chamberlin 
%vould restrict the term terminal moraine to these) and during recessions 
(Cbarnberlin's peripheral moraines"; C. King's recessionor reces¬ 
sional” moraines* Some of the most marked are the product of a rapid 
rcadyance following periods of stabilisation, though some of these readvance 
moraines are known by their thickness rather than by any distinctive topo¬ 
graphy.^^ They may be a response to a fall of temperature or to increased 
nourishmentp and are lacking in continuous retreat as Charpentier^-l noticed 
or if the edge oscillates widely or advances or retreiits without becoming 
stationary^ 'Phey generally require active motion up to the margin. Some- 
times, howeverp as in the case of the "ablation morainesof R. S. Tarr 
(G. Hoppe suggeats the term "hummocky moraine*^) they may mark the 
emergence of inner moraines and sweep in creseentic lines of chaotic appear¬ 
ance parallel w'ith the ice-margin on the outcrops of shear-planes on dirt- 
laden layers, as on the stagnant Variegated Glacier of Alaska and in Iceland* 
They are incitstinguishabJe from ordinary recessional moraines when the ice 
finally melts and the detritus is let dow-nJ--^ Ablation moraines^ as in modem 
Alaska,may give rise by differential melting to a depression or interior flat 
above the outer bulb underlain by clear ice (pi. XlVn, facing p, 417), 

Recess ional moraines may be independent of climatic factors if the marginal 
ice is congested with englacial material and retarded, It has been urged 
from the experiments of Tarr and Engeln*-^ that continuous precipitation 
may make the flow discontinuous at the margin, or that excessive melting bv 
steepening the slope might rejuvenate the flow^ and initiate an advance.^^^ 

The terminal moraine's position may be controlled by rock-obstacles which 
resist progress by the icc^^: this view- has been expressed (with doubtful 
validity) for the Baltic .Morainewhere such lobes as those of Lubedk^ Kiel 
and h lensburg w ere controlled by the preglacial relief^ loraines are often 
found at the mouths of valleys, e.g, the Gschnitz moraines of Tyrol p^^^ or just 
above the points of confluence with tributaries.^^^ *rhe first position may he 
determined by tides and currents if the ice enters a sea*^^ or by deploymient, 
which by expanding and thinning the ice makes ablation exceed the supply— 
this equilibrium has been associated w ith the occurrence of the thresholds at 
ihe mouths of fjords.*^ The second position may lie governed by a change 
of gradient and better drainage which reduce solifluxion*^^ or by depriving a 
glacier of a feeder as it retreats to a new position of equilibrium.^^ 


410 GI.ACIAL deposition: moraines 

Mor<iine$ which consist of gfound mofaine dud hnvc been built forward 
and upward so aa to convert the glacial troughs behind them into hanging 
valleys have been termed "pedestal moraines ”. 1^7 

Botilder*beIts. Erratic boulders are sometimes densely concentrated into 
stnps or country transverse to the flow. They are either scattered thickly 
over the ground or piled up as boulder-walls, up to loo m broad. Such 
bouiderrbelts occur in north Germany {Gesehubestreiftmg), notably within 
the Ridge and close to its southern edge, as well as in parts of the United 

tates, ^ough they may be merely ground moraine with an unusual 
abundance of erraticsiw or arise from the washing of boulder-clay,i‘*' they are 
more probably of the nature of end moraines, ^^2 belonging to the subtj'pes of 
dump or stau‘moraine'^ (see below), since they run parallel with retreat 

mormnes and have more angular and distant erratics than the local boulder- 
day. 

Push nio^nes. Chamberlin distinguished several morainic sub- 
ypes. (ij dump moraine ^ composed mainly of superelacial and englaciaJ 
material dumped at the front of the ice; (2) "lodge” or “submarginal" 
moraine, consisting of subglacial debris lodged under a thin ice-edge and 
passing into till billows and subject to the mechanical action of oscillating 
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they may be a few miles broad and, according to 
Charnbcrlin the predominant type in North America; and (3) "push 

momne Out. Sfutma/) which had two varieties, the one composed of 
W itnd non-glacial debris which the ad^dng 

rccognfscd P^th. The lodge and dump elements had long been 

h™d"^' firat recognised as a type in the 70s of last century.l^l are 

relatively free from small 
f Fier ^ asymmetrical, and frequently arc-shaped^ =*2 

rrtt. up to S<? m high and arranged in 

Sami n^r composition largely depends upon the 

SSi^li orum^.b advancing ice; the; maf consist of sub- 

md silts from plarl^r I ^ and gravel, of marine sediment, of banded clavs 
“eumult^n^ fn" I" ‘his case, as in some 

onlv reveal the mo™' ‘ ^ and south Ra%'aria,'S^ topographic relationships 

only reveal the morainic origin, ,\rched structures and folds have often been 
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noticed.i^s e jn pnjssia and in Sylt, well as Schtippen and obliquely 
faulted strips in association with modem glaciers, c,g. in Spitsbergen, 
Drumlinoid shapes may occur if the mounds have their axes perpendicular 

to the it;e-faceJ^^ 

Active push moraiTies lie in front of existing gbeiera in Spitsbergen,*^® 
especially with marine sediments at the head of ice-fjords. In Greenl^d 
and Iceland they are less well displayed since ice-free territories with abundant 
unconsolidated detritus are rare and the crystalline rocks are less favourable 
than Spitsbergen's Alesozoic and Tertiary^ strata. Nevertheless, they have 
been occasionally reported from both these countriesas well as from 
Novaya Zemlya*^ and from North xAmcriea's Illecillewaet and AsuLkan 
gbeiersj^* I'hcy likewise characterise -Alaska where they have uprooted 
trees and pushed them over (see p. 141)^ pressed gravels into saddles and 
troughs, disturbed beaches^ and fluted surfaces in the flotv direction. Over- 
steepened beddingp brccciated strata, and folded and faulted structures are 
other tokensi; the ice itself may be folded along its margin. 

A number of earlier as well as later geolDgiists have held that all or most 
terminal moraines, as in Holland and north Germany, were of this origin 
push ^ moraines have indeed been considered synonymous with terminal 
moraines. True push moraines and effects of push have been obser%^ed 
in both Eutcipe^^ and North Americathe Krefeld-Nijmcgen moraine 
is an example.Rut to extend the term to embrace all terminal moraines 
is obviously to exaggerate. 

Stau^KKsar. A series of features^ closely related to push moraines, are the 
Stau-otar (Durchragungsmoriitte ^ ; Au/prissungsosar * Bou Ider-clays, e.g. 

m north Germany and less commonly in Denmark^^^ and Sweden (where 
their rarity is possibly to be linked ^vith the thinness or absence of drift 
beneath the recessional depositshave been pressed up with arched bedding 
along lines parallel with the flo%v. I'he Lower Diluvium and even bed-rock^ 
including Mesozoic and tertiary' strata in Holland, have been $quec7/cd into 
the Upper Diluvium aa arches or forced into it as apophyses *^^ ; according to 
Schroedcr^ two parallel depreasLona or weak negative downfolds accompany 
themn They may have arisen in the marginal zone where subglacial detritus 
was pushed up along subglacial drainage lines or radial crevasses,possibly 
as the result of some movement of the ice. Some of the radial morainea of 
Si-veden, e.g. in Vasterbotten, Norrbotten and Dalame, and of the Varanger 
pen insula, may have arisen in this w ay.i^*^ Observations on modem Icelandic 
glaciers show basal drift being forced up into radial crcv'a$ses.^^ 

Finsterwalder's theory nnd inoraines. Finstcnvalder's mathematical 
theory^ of ice-flow^ (see p. 120) throws much light upon the origin and com¬ 
position of the various moraines*!'^® Rock-debris filing on the very margin 
of the fim passes along the floor as ground moraine and is finally ejected in 
glaciated form in lateral and terminal moraines around the glacieredge. 
Rocks above the fim yield material which foUow^s the lines of flow^ and emerges 
by ablation as median moraine down the tongue. Debris, however, which 
drops on the latter is carried superglacially. It does not penetrate the ice 
save along crevasses whence it reappears, e.g, below ice-falb, as Agassiz 
noticed. Fragments from the lee of rock projections in the tongue extend 
as median moraines to the base and w^iden down the glacier by superficial 
melting. Transverse ridges or prominences rising into the ice drive up all the 
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carry up tKe ground moraine to form an cnglacial moraine 
whieh widens as the glack-r descends. 

The lack of moraines and their differential melt-forms in the lirn, except 
at the base of precipitous cliffs^ accords with the theory and with general 
ob^r\ ation the debris at the confluence of neves passes under the surface 
as inner moraine {Adenmrdne^^^) to emerge at or below the fimlineja^ Fim 
moraines, to use the term of the brothers SchlagintweLi^*^ (Ratzels fim 
moraines arc snow-slope moraines) have been occasionally describedbut 
appear to rest upon erroneous determinations of the local snowline o-r upon 
some irregulari^ in the floor of the firn basin. Corrie glaciers have virtually 
no lateral moraines^ 
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Chapter XXI 


ESXERS 

Terminology 

The words mm and kaim^ signifying in Celtic crooked or windingp^ are used 
generally in connexion wTth rivers, less commonly with ridges. Esker (Irish 
eisar\ Welsh esgair, esmir) and kame are etymologically equivalent, and ac¬ 
cumulations bearing these names have often been regarded as glacially 
synonymous,^ as by Close ^ w'ho introduced the word esker into glacial litera¬ 
ture. Others equate esker with ridges and kame with mounds'^ or seek to 
draw an unworkable distinction between kames less than t miles 3 km) 
long and osar of greater length,^ It is suggested^ too that kame be reser\’ed 
for wster-ldd marginal moraine and esker for accumulations in the channels 
of subglacial streams, a genetic distinction which resolves itself in part into 
elongation across or along the flow-direction, Sinoc^ however, Scottish 
karnes"^ embrace true cskers as here defined and Irish eskers^ true kames^ con¬ 
fusion i mmediately arises. I knee, it appears advisable to use esker (rmm iata) 
as a general descriptive term for glacial ^nds and gravels arranged in mounds or 
rtdges, irr«pecrive of their genesis^^ and confine the term kame-moniine^® to 
accumulations which have the same signiflcance as moraines and like them 
are parallel with the ice-edge. Osar, from the Swedish word should 
be employed for deposits associated with subgladal tunnels which were 
generally transverse to the margin. 

lo interpret cskers correctly in their manifold forms is one of the most 
thorny of glaciological problems. We may recognise three main types: 
kamC'terraccT kamc-moraine and 0$. All as a rule were features of thin and 
feebly flowing or stagnant margins. 

1 . Kom&^teFfac^s 

(variously named moralne-terrace^V^ “lateral moraine- 
terrace"glacial lateral terraceor "ice-contact stream terrace 
have often been discovered along the margins of both modern and Pleisto¬ 
cene glaciers—they were first correctly interpreted in the Scottish High¬ 
lands in i860** and described from modem glader-margifiis in Alaska in 
1893.^^ Usually narrow and Hat-topped, and pitted with kettles, they may 
skirt one or both sides of a valley for considerable distances or lie in the angle 
at the junction of v-allcys.^® 

Ihe outer edge of their sands and gravels, where still preserv^ed, is com¬ 
monly a steep ice-contact slope (J. B. Woodworthwas apparently the first 
to use this term)* the faithful cast of a former ragged ice-margin, aflected by 
slumping and di&sectcd by later streams. This dimpled and s^loped face— 
recently formed ice-contacts in Alaska have been described by R. S. Tarr^^ 
may be faced w^th boulder-clay or stony lateral moraine^ or surmounted by 
the push moraine of an oscillating icc-edge .24 Some terraces build out 
antecedent divides into plateauxor make shelves below sea-level if the ice 
passes into the sea.^ 
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These terraces, which may display a seasorial periodicitys^^ were laid down 
by aggrading streams issuing from (lie ice or draining from the land and 
coursing inconsequently along a glacier’s flant. They filled crevasses or 
subgbeiat hpllow^ subglacially engorged esters-®) witli water-bid sand and 
gravel which at the dissolution appeared as narrow ridges, winding and taper¬ 
ing towards the centre of the valleyThe terraces incline downstream, 
expand at the mouths of valleys into truncated fans, and in the case of the 
larger ones grade downstream into valley-trains. "iTicy are sometimes dis¬ 
continuous, the segments being disposed at different heights between rock- 
bdsscs or spurs w'hich mark the sites of falls or rapids. Successive terraces, 
rsembling % giant staircase on a mountain side, mark as many halts in the 
melting down of the constraining barrier. Some of the terraces were formed 
in long, narrow marginal lakes and have no downstream gradient, 

Kame-terraces may, on casual inspection, be easily confused whh the 
strandimes of gbcicr-lakes; the mistake has not infrequently been made.^ 
Their surface, however, is broader and less regularp they enclose morainic 
debris and they occasionally occur in positions and at heights thal preclude 
lake-actional (pL XVa, facing p, 43a). 


z. KamL^-mommes 

Topography. Kame-moraines present a striking and characteristic ap¬ 
pearance m U landscape, itapidty undulating and sw^etling like a choppy and 
billowy ’^sea”’ of confused hills^ they form close complexes of rumultuotis 
rises and hollows intertwined with parallel or tortuous ridges w hich vmite and 
interlock in a most bewildering manner, 'rhe knolls sometimes appear 
so artificial that they have been mistaken for barrows, tumuli or Roman forts 
or interpreted as the dwellings of a fairy^ race-^^ I'he accumulations thin 
on to the hillsides and elsewhere either fade gently into unobtrusive plains or 
end in abrupt and sharply defined ice-contact slopes with strong cusps or 
deep re-entrants. The inner face, as in the case of deltas and fans, is an ice- 
contact slope; its steep and linear form is a mould of the ice-face modified by 
slumping after the ice >vithdrew fpf XA^B, facing p. 43a). 

Kame-moraincs are dappled with countless closed hoi lows tvhich are saucer 
or bowl shaped, oval or elliptical, l^hcse range in depth to 45 and in 
diameter from a fetv meters to over looo m (the Mecklenburg Soil averages 
probably 41 m across and 3 25 m deep^) or, as in Minnesota, up to S mile^ 
{13 km); few arc more than 6-^ m deep. They often hold lakes, lakelets or 
ponds^ commonly without visible outlet, if their bottom is below the local 
water-table or is floored with clay. Flat marshes, peat bogs or alluvial 
tracts mark their former sites. These kettle-holes—the name comes from 
the Kettle Range in south Wisconsin a few miles west of I^ke .Michigan — 
arc the SoHe of Mecklenburg, 3 * Pfukk of Brandenburg,^^ Sol, Sool or Soil 
of Switzerland, and Kauim of Posen, They are extremely numerous as 
is implied in W. Ramsay’s term Kl&jistegeMei in Posen^ they number 
possibly 30,000, in Mecklenburg, 35^000-40,000,^® They arc frequently 
markedly parallel with the kame-'rnoraine^^ and in Bavaria are apparently 
deeper at the distal end>^ tliough this obscrv'ation has not been confirmed 
elsewhere. 

Structure. Kame-moraincs consist mainly of bedded and assorted sands 
and gravels, whose pebbles are well rounded and rarely striated, though the 
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rounding has often only partly altered the former faceted shapes of ice-worn 
^rjst. i he stratification is imdulatory or arched^ irregularly lenticular or 
current-^dded, or inclined otitwards to the majpn. It is sometimes 
traversed by faults or local distiirbanecs. The material is in places almost 
indastingiiishablc from ground-moralne^^ and may possess kame-form with¬ 
out kamc-stmeture. 'Fhe till portions, as along the sides of valleys, have 
smoother slopes and more softened outlines than the gravelly membeni which 
nave steep and abrupt contours. 

Distributiori* T he broad belts of the kame-moralneST often miles wide^ 
characteri^ plains^ wide open ^^aJIeys. and submontane strips where the ice 
debouched upon open country'. Commonly, as on the plains of north 
Cjcrrnany and North America, they are festooned in loops with re-entrants 
usually buttressed upon higher ground and marked by a more prungunced 
topography. In this intermediate ” Jnterlobate typeassorted material 
from the important drainage lines of the glacial melt-w-aters is relatively 
l^ge; the interlobate moraine betw'cen the Green Bay and Lake Michigan 
glaciers, among the most impressive of its kindj formed the boundary between 
the two lobes for more than 150 miles (^r. 240 km)^ the moraine in places being 
more than 30 m deep, 

No^h America's kettle-moraine^ a term fitly given by Chamberlin.**^ i$ 
roughly 3000 miles (4800 km) long. It was discovered in Long Island and 
Massachusetts by W. Upham (1877), in Pennsvlvania by H. C. Lew is (1884). 
in Mis^un by G. M. Dawson (1875) and J/E. lodd (1896). and in New 
Jereey by G, H. Cook and J. C* Smock (1877). Chamberlin found it in 
^isconsin (1S77) and in his classic paper of 1883^ traced its course from 
New \ ork westwards through the states into Wisconsin —in Long Island two 
belts of terminal moraine traverse the island from end to end. each up to 

accompanied by an outwash plain to the souths Me 
showed that it was looped about the western and southern ends of the Great 
Lakes basins. J, B, Woodworth. E. Wigglesworth. AL L, Fuller. A. O. 

V catch and F. Leverett. among others, have examined it in later ycar^, 

kamc-moraines are traceable for hundreds of miles, as m Eng- 
and and southern Ireland^ and in the Baltic Ridge of north Germany (see 
p. 1163)^ In Scotland, they often occur at the mouths of valleV'S^^ w'here the 
expanded foot glaciers might have been expected to stagnate and decay. 

Origin. Kame-moraines are original features: unlike drumlins (see 
P* 393)? ^hey have seldom been credited to postglacial forces acting upon 
uniform surfaces.^ Their origin is plainly bound up with that of their most 
typiral feature, the kettle-holes. These have been the subject of much un¬ 
profitable discussion and of many hypotheses, most of them untenable and 
now' only of historic interest; $uch are the references to volcanic craters*^^ 
rotating icebergs, subsidence or solution of underlying strata™ or of blocks 
of soluble rock in the drift^^; to rapddous eddies and currents in seas, in 
extraglacial lakesor in streams discharging into the sea where an icc^front 
^ood below sca-Ieve!/^ or to the self-raising of lakes without outlet.^^ 
Equally indefensible is the suggestion* originally made by G. Berendt^* and E, 
Gcini ^57 accepted in part by others^^® that kettle-holes are ^^evorsion 
lakes” eroded at the bottom of moulins—this conflicts with 

their siS5e. shallow' basin-shape and great abundance, and with the lack of any 
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sigm of this aftion in rnoderri streams or of arnuigcment in rows perpendicular 
to the ice-edge. 

Some kettle-holea iMy be due to pressure from an osciJliiting ice-edge ^ 
which caused thrusting over a Jower block of icc,^^ to stream scour+^“ or to 
aeolian redistribution of sand before the bteglacial vegetation obtained a foot- 
hold ,*3 With much more probability they may be referred to an irregular 
budding up of the drift or incomplete filling of the creasesof out wash 
plains,^^ G. D. Hubbard*^ tried to show by experiments with clays in tanks 
that a pit-forming process is normal with overloaded streams^ II, L, Fair- 
child*^ thought that kettle-holeSj created by circumdeposition, were shallow, 
had smooth curv'es and walls of finer material^ and were situated below the 
water-table, usually behind bars or in embayments. 

But the vast majority of kettle-holes owe their existence to an irregular 
settling of fluvioglaciaJ deposits over or about melting masses of dead ice left 
behind at the dissolution^ the EinstuFssdlle and AmsptirsSlle respectively of 
IL Spethmann,*® the Foi^hkarst of C, TrolL**^* Such masses (promontories, 
peninsulas and detached island-like bodies represent the successive stages 
melted as they lay under the sands and gravels j Trollhas suggested that 
masses should be called “stagnant ice ** and only the smaller masses 
dead ice , Early geologists arrived at this view from studies in the fie Id 
including modem glacier regions in Iceland,?^ or inferred it from the ground- 
ice of north Siberia(see p. 565), Full confirmation came when kettle-holes 
in the making were discovered at the margins of Alaskan^ Spitsbergen and 
Icelandic glaciers(in Iceland they are partly vulcano-glacial) and Dryns 
replacing mull locally in Denmark where dead ice prevented 
this latcglacial layer from forming.'^* Depressions in the lava flows of Ross 
Archipelago may denote similar slumping following the melting of subjacent 


Some ke^c-holes may be due to the w^asting of stranded blocks of ice on 
^e-floors, or of those stvept from glaciers at the bursting of glacier-1akes.^ 
Others may owe their origin to the melting of winter ice on streams issuing 
from glaciers or springs^ (see p. 565). 

llugi Agassiz, Forbes^ lyndall and other students of Alpine glaciers 
during the advancing phase of the first half of the 19th centurv^ (see cIl VI) 
knew nothing of decaying glaciers from direct observation. Our knowledge 
of the mdbr^e^ as Steenstrup^l named them, comes largely from modern polar 
investigations. The dpd ice may be separate from the glacier or may con¬ 
stitute a stagnant ma^in to the ice which farther back is still moving, though 
possibly ^ slowly that its s^ace is covered with trees (see p. 91 aj or wnth 
an unbroken carpet of moss 8^ Lenses of dead ice, directly visible or indi- 

f ^ ^ ^ if ^ iT^ ticking of the ground, bv an abundant outflow 

of cold water or by the weathering of surface debris, kre found in almost all 
m em g acicT-r^ions, In the Alps,®^ they occurred after the retreat of 

in^^rt w ma« 'H IsteiT vears. Thc»e bodies, aometimea not quite 

inert,e 5 iMy reach considerable instances 800 m long have been 

recorded from Alaska and ±-6 so miles (f io-»- c/r b™-! ' ^ r .k 

T'i,=,r .... r ^ T’., . ^q. kmj in area from the 

i,- 8B ^ k“ ^ tJ'e main mass by a 

^ or by eroding streams W (if the ice k thin and erevassed) 
or by the sea^ as on islands in ice-fiorda Th^v ■ ■ i- a 

Fin^rralder" sugmated and othen haWol»OTcd,»i by Ihc °Sm i “of a 

glaciartoop., inthan.pid,cca»iooroUo»ingan.daami, Thoyaom.LV 
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originate because of the protection by ablation moraines. Dead ice may aJm 
arise from the burial of late^iec,®’ 

Sta^ation of a mai^n still in contact with living ice is known from the 
Arctic” where terminal or inner marginal moraines lay wholly on the inner 
side of immobile ice.^ It may be due to deficient supply, as in the Turkestan 
glwier type.s^ to overloading with debris®^ (sec p. 214) on to a topography 
inimical to flow during a retreat, as in Franz Josef Land®^ where the shoulders 
of plateaux protrude. 

Acephalous ice, or glaciers shrinking at their heads, have been seen in 
polar lands.®* In the Antarctic, w’here instances are provided by the Blue, 
Garwood, Davis, Ward. Howchin, Miers, Hobbs and Taylor glaciers, the 
stanation is due to the high rims at the heads of the basins®®; it harmonises 
with the extreme cold (see p. 167) and the absence of running waiter fsee 

p. 4 jo). 

How long the isolated stagnant masses survive is almost unknown* it 
depends upon the depth of the covering debris and the nature of the sub¬ 
glacial drainage. In .Alaska, they have been known to last lo-ia years, 
and in the Pamirs may survive So yearsl®’! and in Iceland zoo years.Some 
stagnant ice, buried under stratified drift, may have persisted in the upper 
Mississippi valley from the Patrician into the Late-Wisconsin,l ®3 jf, Finland 
for about looo years and in Germany, on the evidence in East Prussia, at 
Meiendorf and in the Oder i-ailey, for some thousands of years 

Isolated mounds may be '‘perforation deposits bujJt up in vertical 
shafts which had no bottom outlets. 

Marginal. The origin of kame-moraines is revealed in their composition, 
structure and kettle-holes, and more especially in their field relationships, a 
true appreciation of tvhich is frequently more important than minute in¬ 
spections of exposures. During the four decades after Agassiz’s enunciation 
of the Glacial Theory, the big moraines of the ioe-sheets, as distinct from the 
small moraines of valley glaciers, remained undetected. Recognition came 
first in North Americaand later in Britain!®^ and north Germany.)®* 
Kame-moraines arc the moraines of the ice-sheet,)®® if the word moraine be 
used in its broadest sense for an aggregate of drift deposited along an ice- 
margin; they are unquestionably of morainic nature and mark the edge during 
dissolution as charaoteristically as do moraines of mechanical origin. 

Melt-waters of aubglacial and supetglacial origin n® piled them up against, 
aroimd and upon the borders of thin ice which in its decay, as was early 
conjectured,')) broke up into an irregularly frayed mass, with re-entrant bays 
and cavities and isolated pieces. Water-worn sand and gravel from englacfaJ 
sources clogged the hollows and passages in the margin while emerging sub¬ 
glacial streams, which effaced the striations on the glaciated pebbles and 
transported the muds to greater distances, deposited fans, cones and deltas, 
If the waters were narrow, the load was laid down as stream-deposits, if broad 
and tranquil, as lacustrine beds, with laminated silts and vaned clays in the 
deeper parts. Some of the detritus melted out submarginally,')^ to give the 
(JTurtdmoraneniandschaft^*^ which was essentially end-moraine in respect to 
the ice-sheet,)Local revivification of the ice produced ttau disturbances')* 
while the final melting caused the materials to slump, with a resultant folding 
and faulting and a dipping of the stratification into the hollow's,))* The 
irregular lumps of till, up to aj cm long, which are more or less rounded or 
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oval in sh^pe occur at the rim of a kettle-hole jr an outwa&h plairij were 
formerly associated with the ice which was responsible for the hole 

^hcor} that kame-moraines arise from stagnation of an ice-margin has 
withstood the objecdons that have been raised by those who belici^e the 
materials are too thick and the ketdc-holes loo plentiful; that stagnant ice 
not deUverthc requisite voiumc of water; or that the older drifts, often 
regarded as products of stagnation (see p, 1 1 so\ have no holes, 
Kame-moraines, therefore, W'ere amassed along a frayed and immobile 
margin by countless distributaries unloading their burden in crevasses and 
embayments and between detached masses of ice. 


3, Ojof 

Topography% Osar (Swed, sing.; Asar^ pL)—the suggestionthai 
the anglicised form should be ose^. plural oses, has not been welcomed—are 
tor^ous or gently sitmous ridges ("serpent kanies"l20), sometimes hundreds 
of kilometres longj^i Their appearance is often remarkably artiheial, re¬ 
sembling i^Iway embankments (p|. X VI, p. 43s). In consequence, they were 
early aitnb^ed m North America to aboriginal races and denoted Indian 
ri ges, heir crest 1$ smooth or broadly hummocky and so 

narrow that it can just accommodate a path or road (Ger. If 'fl//We), The 
cross-section, like that of a goat s back, is roughly an isosceles triangle; the 
sides arc steep or abmpt and sometimes, c.g, in the Central Plain of Ireland, 
^y mme ^ *''^y rise to over 45 m above the adjacent country; in 

1 4 i m hroad and in'Fin- 

l^d * 20-30 m high exceptionally, as in the Kangasal^s 80 m and in the 
- are re^on S5 fti- The Upp^a reaches an absolute height of 

140 m, of which later clays conceal more than 100 m. 

composite and split into two or more parallel ridges or 
e es ers enclosing kettlc-holea (Swed, Asgroper) and irregular basins. 
Cross ndges frequently interlace them into "reticulated ridge®" or“os-ncts 
^ may w 1 en out into plains or "plateau-osar”. The summit line may be 
uniform and ev^n but more often is wavy' along the alternate sags and swells, 
Sfr” tnobs”or “nod«-2» The sags in such "Ivcaded 

r' j ™ breaks up Into a cJiain of separate mounds, 

niinllv Jahi-rally displaced (De Geer's Kasiingor). The knobs fre¬ 

quently coincide with the bigger changes in the courseJ^l 

m 3^*^ bedded sands and days and by narrow lateral 

moats or ditches, sometimes occupied by peat flats or "wker ponds 

Swe^n Afgra/vitri Ger, Osgrufterj)^ first noticed in 

torideU3^L!l;,^'''"^'i oscillate from side 

of till ni- of ^ fidgea from each other. An intermediate ridge 

of till or of sand and gravel may subdivide them into two channels. 

preponderate in the 
I? s^^™nne forms, and fairly coarse gravels (Swed. 
Br^Isi 36 *SSk fJir/A/emdmr—which are often " openwork ” 

r^inS 'V'th little sand to fill the voids, sug- 

rare gravitational depositions^* Striations arc 

bouldemTrl large boulder, though faceted and flattened 

in a wS^thJtand more or less horizontallyl« 
.n a way that hints at washing rather than rolling.i-*! a few osar are made of 
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tillp as in Woodworth's “false eskers*\^**- or are coated with or enclose large 
maiises qf Others have cores of solid rock. 

The materiaisi*^ differ little in composition from the local boulder-clay and 
contain a large local contribution^ though the percentage of far-travcJled rocks 
IS sometimes higher. They are rudely and irregularly stratified, current- 
hedded and ripple-marked,and their coarse and fine constituents ineluding 
laminated clays alternate rapidly. A pcnclinal or anticlinal structure (“over¬ 
cast bedding *' 1 is common though by no means a constant feature. ^ Like 
the lateral faults which hade outwards, it is often made by settling as the 
ridges adjusted themselveii to the vanishing waits of ice *—artificial excava¬ 
tions produce identical longitudinal structures —though some of it is due 
to undisturbed deposition at angles oblique to the bedding in the centre of 
the mass. 'Fhc coarseness varies much along the line of the os; the proximal 
end is coanserp the distal end finerThe direction of the foreset beds and 
of the decrease in grain size, together with the orientation of the material > 
indicates the direction of the stream which produced them. 

Distribution^ Osar are usually short, stretching for only a fraction of a 
mile as in Connecticut and north Gentiany. Yet they sometimea and farther 
nortli have lengths^ as in AIaine,* 5 i of 160 or 240 km, and in Scandinavia^^^ 
of 300 - 400km or even 450 km in the case of the Soderala-Uppsala As, Larger 
osar are often disposed like the tributaries or distributaries of a ri ver-syateinp^^^ 
the former (Sived. Btdsirr) being inferior in development and length to the 
main osar (Swed. Ilufr^ddsar) w hich they meet acutely, though the tributaries 
often run for eonsiderable distances parallel w ith the main osar before joining 

Osar usually run from higher to lower levels^ especially in valleys where 
they lie in the axis or^ more normally^ on one side.*^* They may cross or 
recross a valley or proceed down one side and up the other^^^ in an uphill 
and down-dale" manner, ^^he supramarme forms may even traverse hills 
and valleys, ^54 usually by low^ passes,beyond which they are continued as 
river-eroded channels.^-** Nevertheless p their topographic^ independence is 
limited.^ 3 ^ 'Lhis is readily explained by their general parallelism with the 
local ice-flow radial moraines as fixed by drumlins, boulder-trains, 
erratics and striae and observ^ed at an early date^®^: if the ice moved from 
different directions the osar may cross^*2 p. 354)^ Naturally they must 

traverse the intert-ening ridges if the valleys arc oblique or perpendicular to 
the flow, though they are often broken on the watersheds. Occasion ally, 
they depart from this direction as In the case of the Bidsar; they may even run 
parallel with the ice-edge and moraines**^ — these are the “cross osar“ 
(Swed. Tt^drdiijr; Ger. Qaetosar) of Sweden*^ or marginal osar**^*^ (Ger. 
Gerolttfimordfic ^ ; Ki^smordrie * on reaching the ice- margin may 

turn parallcD with it^^ or may be monoclinally stratified towards the lee,^^^ 
Osar may indeed resemble end-moraines, 'fheir sinuousity (sinuous moraines 
about modem glaciers are not unknown and their relation to the ice-flow 
are, however, diagnostics^* 

Osar may end abrupty or gradually, or as **feeding eskers"*^^ (“proximal 
0S2rr^^i73j jYiijy end in kame-moraines or in wider tractSp^^^ the “k^e-plain'^ 
or ^*osar plain {Rolisteinfetder^^^). They may also terminate in sub¬ 
aqueous "esker deltas" or subaeiiaJ ^^caker-fans".^^ Osar have also been 
found at the outlets of glacier-lakes. 

The more or less special conditions seemingly necessary for their birth 
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cause osar to be rdadwly rare. Their fullest Jiuropean development is in 
Scandjnaviaiw (fig. 74). Here they mainly occur east of the Pleistocene 
iceshed, pa^cularly in central and southern Sweden—they sometimes 
appear on the adjacent sea-floor.In the higher parts, they are strictly 
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r;irer in Norwaybut have been discovered in Jaeren and the west; they 
include the egger (edges) or sharp crested ridges which follow the axes of the 
valleys. 

rhe Kola Peninsula is apparently without osar^*^-^ though they are found 
betw een Lake Ladoga and the White Sea and east of the Baltic 1^5; ^i^gy 
are shorter and less regular than in Sweden and lie within or north-west of a 
dmmlin zone. They occur too on the islands and in the eastern part of 
Denmark ^vhere they often lie in the tunnel valleys or in line with these^ 
and in many parts of north Germany (Ger, Wattb^ge) where attention w as 
directed to them at a rnuch later dateJ®^ Examples are not unknoAvn in the 
terrain of the Alpine glaciation and a number have been described from the 
British Issles: some are among the diverse accumulations J. W. Gregorj'^^ 
listed. Central Ireland has numerous examples (see fig. 250, p. 1210), 

North American osar are best developed in Maine^^J (fig. 75) but are 
known from other stato*^^ (Wisconsin, Minnesota, Michigan, IllinoiSp New 
York and KeW' Jersey). To thern belong the hpafmotifs of north Saskatche- 
wan^^^ and the eskets of “I>ake Agassiz'^ and other parts of Canadain¬ 
cluding those east of Great Slave and Bear lakes, west of Hudson Bay and 
south and east of James Bay^ in central Quebec, and in Labrador, As in 
Finland^ the long sinuous ridges stand out sharply from the multitude of lakes 
and monotonously uniform drift or solid ridges. In the region about Great 
Slave Lake the presence and the size of the eskers appear to depend upon 
the existence and amount of local ground-moraine. 

Origin. The various hypotheses propounded for the osar reflect the 
changwi of thought that have succeeded each other about glacial events. 
Like most of these^ they are now in the main only of historic interest. This 
can safely be said of the view s that osar were laid down in the lee of obstacles 
by a Northern Flood by marine and tidal currents, or by fioe-ice or ice¬ 
bergs floating in a glacial sea»^^ the Esker Sea^^: Kinaban^^ classified 
them asfringing " barrier ” and shoal ’* eskers. Only less erroneous are 
the hypotheses w'hich derive osar from a melting out of median or inner 
moraines20CI or from push moraines 201 or regard them, on the **strand^vall 
theory ”, as the limits of a glacial sea. EqualJy indefensible Is the view that 
they were postglacial ly denuded out of once-continuous sheets of diift^ 

pseudo-osar Jn Denmark they w'cre associated w'tth a goblin with a 

leaky sandbag.^®^ 

In statu ttascendi^ The exclusion of all these hypotheses still leaves 
much room for uncertainty which research on existing glaciers has done little 
to dispel: modem accumulations resembling osar In appearance and structure 
are singularly few% The investigator is baffled at every turn. The Antarctic 
iee-sheet, perhaps the nearest analogue of the Pleistocene ice, protrudes 
almost e\'erywhere beyond the land into the sea so that any accumulations 
there may be are inaccessible and severe cold reduces drainage to a minimum. 
Search along the Ice-fronts in Greenland, though rew'arded by an occasional 
discovery of fluvioglacial material ,205 has on the whole been fruitless the 
streams are inadequare, median tunnels are absent (drainage is usually lateral), 
and the rocks are soft. It is true that a winding ridge of sand and gravel, 
fj m high and about 80 km long, running parallel with the ice-flow^ has been 
noticedwhile a similar ridge^ 4-5 m high and 10-30 km long, was seen in 
east GreenlandIn King^s Bay, Spitsbergenan os-like ridge was left 
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when a sheet of gravel, deposited in a glacicr-Iake, was croded.^io The flat 
and uiicri?vassed pari of Norivay's Lodalsbrac had a mediai^ Tnorame ’which 
was over 2 km long and over certain stretches lay in a >'alley-like depression 
that might have produced an os-like feature at mdting.^Ji The Boverbre of 
Jotunbeim had a ridge in process of formation which tvas 36’6 m long and 
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1955) in Iceland and m the Wind River Mountains of Wyoming.^^^ In 
AJaska^*^ they comprise an os with small tributaries in front of a glacier of 
Yakutat Bayp a doubtful subgladal os in front of the Woodworth Glacier, and 
accuTnulations built up by superglacial gravels sliding through holes in the 
roof of broad subglacial tunnels, A small ridge was connected with a short 
glader on Mount St. Ilelena, Washington^is (ph XVIIa, p. +64). 

Even where circumstances seem to encourage their formation, osar are 
later destroyed through the agency of the very stream that created them. 
'Ihus the vast gravel spread which covers hundreds of square imks in front 
of the Malaspina Glacier had only one feature resembling an os^^l^ and a 
ridge, 15 m high and 90 m longt noticed by C+ W* Paijkull^® in Iceland^ had 
disappeared when the localit]r^ was visited a few years later.221 

Modem Alpine glacierSt notwithstanding their median drainagCt have no 
osar: high gradient and inadequate detritus with which to clog the outlets of 
the channels are apparently inimical. 

Modem glaciers, therefore, have contributed liltic to elucidate the os; no 
process or form has been discovered that throws any definite light upon the 
problem. The glacialist is driven back upon a careful study of Pleistocene 
accumulations and a severe testing of any working hypothc$is it may suggest. 
Hence the contradictory views which arc still prevalent. Neverthcles^n 
the testimony of modern ice is not quite negative; the belief is confirmed 
that an os is built up by a glacier stream flowing along its length. This 
harmonises with the linear extent, the rolled gravely and the thorough elimi¬ 
nation of the fine silty particles; the tortuous courses with loops and 
knobs and ramifications reminiscent of streams; the traces of alternate erosion 
and deposition along the os chain; the frequent parallelism of the boulders 
with the axis of the os^^; the current-bedding directed tow'ards the distal 
end^^ (De Geer's tippirrSm bedding); and the arrangement of osar within 
the Salpausselki^ related to longitudinal crevasses or the domed surface of 
jce-Iobes .224 Modem icc too shows that the os, whether sub-, cn- or super- 
glacial, was bom like the kame-moraine and the drumlin in the lower layers 
of the ice and gathered its matciia] from engbciat sources,^ 

Supporters of the subglacial or superglaeial hypotheses presently to be 
mentioned have consistently considered an inert margin essential for os 
formation 25 * j the finely developed osar in Maine and Sweden may be due to 
stagnation arising from the critical relation between the general slope of the 
land and the minimum gradient for effective ice-flow during the closing phasis 
of dissolution.^^ The following seem inconsistent with any appreciable 
forward movement: the irregular outline of the ice as depicted by marginal 
accumulations; the ivant of evidence of glacial thrust; the wavy crest and the 
winding of the ridges; the splitting of the osar tvhich involves the presence 
of masses of dead ice or the erosion of tunnel walls and the isolation of pillars 
of ice; the incortceivabilit}' of open channels being maintained athwart the 
flow—tunnels driven in modem glaciers across the down-valley flow close in 
fairly rapidly by a ^‘bulging” from the upstream side 228 ; and the association 
of the marginal ditches with a slumping of the gravels tvhen the supporting 
ice-walls melted away. 25 ® 

Yet some fonvard motion, apart from the features inherited from an earlier 
active stage, may liave taken place in some instances; the osar are parallel w'i th 
the flow \viiich guided the courses of the glacier-streams,230 either super- 
giaeially by yielding a frontal slope or subglacially by closing any channel 
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oblique to the flow; stream eroded channels lie beneath (see p. 428) 

and dll rests upon them j drag is sometimes seen along their margina^^^; 
and some osar have been subject to lortiion.2J4 

• hypothesis, A view which was simultaneousiv enunciated 

m North America and Europe and has commanded substamiaf approval ^^5 
and powerful advocates in Stone and Crosby regards the os as con¬ 
structed superficially from debris in surface canyons licked out of immobile 
^ uncrevassed inframaifinal ice. Basal melting and siibglacial streams 
lowered the embryonic os to the ground without loss of its distinedve features, 
though faulting and disturbed stratification attended the action. Slumping 
tn ‘^ced the irre^lar crest, 1 he superglacial streams w'cre limited in length 
on j y the breadth of the zone of ablation in which englacial debris became 
supergjacial by melting. ^ In the few cases where crevassing drained off the 
supergJaciaj stress, the interstream surface was lowered more rapidly than 
^ e o gravel-filled channel and the esker material gave rise bv sliding to the 
ou e esker.- Rcriculated eskers or plateau osar were built up 
in rapi y enlargmg lakes, open to the sty, or in se^’eral parallel but inter- 
conn^mg channels, with delta-tike branching, if the surface was nearly level 
an t e water flowed more slowly.^^s Esker knobs denote confluences with 
haling tr I butanes ^d cross osar cross crevassea.^^i 

e following are cited in support few boulders are to be found on 
osar ice oated these m open channels ; osar broaden towards their termina¬ 
tion as the nver channels widened; and the minor or larger reaches of the 
f^latcd to the local topography. The rival (subglacial) 
}|>o csis (see below), jt j$ claimed, docs not well explain the characteristic 
ct^-^tion, the occurrence of cross osar and the variation of shape longi- 
mdinallv. It also encounters the difficulty that osar, particularly in the 
icu a e type, arc too wide and are not specifically developed where 
l^dy. Moreover, subglacial streams would inevitably be 
forced up into t^ ice as the roof melted to conform with the base level of 
»/^«;surface or a detrital delta (see below). 

I ‘ • I ■. grave objections to this super- 

SmSlv Thus surface streams on glaciers, as often observed,2+* are 
are t/vi Steep, their sides and floor 

watj'r.wn kki^ ihnr flow is too swift to permit debris to lodge, though 
are Innew^tKsm ^ occasionally been seen2‘*5; many osar 

Dresen/ia ciiikt^l M stretch of uncrevassed ice; glacier-drainage at 

lie in depressions in till or solid rock 
collapse simple linear outline would scarcely be retained on 

th^ Jit modification w hich has found not a little favoiir,^*^ 

the' i^e-edup r>c crevasse m dead or live ice (in crevasses parallel to 

obstTuction<5/*n°^ atose^^). The crevasses were opened by rock- 

featuresz^) or by diflfenmtial 

in erSt have L|. » c,”S,S. 

“7 j™’’ ^ ">>J'«‘ons already caiaed against 

itnTSlol'Ste r H'*'”? ‘j!' ''"S'’' "f »>a^ » »«ll » 
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R, F. Flint's creva&s^^ infillings were accumukted on or near tht? edge 
of a decaying ice-field, as noticed earlier in New Jerseyand on modern ice 
in Spitsbergen .254 Their margins are scalloped where promontories of ice 
projected into ponded water and the material slumped to the angle of rest. 
They may embrace the "reticulated cskers" and “lone kames"^^ and are 
closely related to rece^ional moraines and pitted plains but lie beyond the 
former and are incorporated with the latter. In comparison with o$arp they 
are usually small and short (saVt 40Q m or less) and low\ usually 3'5-4^5 m 
only. Characteristically^ they do not wind nor do they possc&s till-coatSp 
knobs or a tributary plan. They run continuously and regardless of the flow- 
direction and lie dow^nstream from ordinary osar in more fissured ice. Many 
German osar may have originated in this way.^^ Marine crevasse in fillings 
in a stagnant ioe-sheet have been described from Quebec.^"^ 

Subglaciul hypothesis. A widely accepted hypothesis 258 regards the 
osar as aggraded by subglacial streams which flowed under considerable 
hydrostatic pressure and cour$ed m ice-walled, tube -1 Ike tunnels, with arched 
roof and wide base, even in submarine areas.^^^ They portray the pattern of 
the ^ubgiaciai drainagep especially in the final inactive slate of the icet their 
streams w^ere fully loaded unlike those of the Riniieritaht which were under¬ 
loaded and eroding. 

Drainage under the centre of the ice-sheetp though present on account of 
the earth's heat 2^ and possibly in the form of a “pressed iTielt'\2ei ^vas in all 
probability insignificant save during the last stage ^*2; the perfect and con¬ 
tinuous contact of ice and bed (as the universal striae indicate) and the absence 
of basal crevasses and mouHns seem to point in this direction. Such signs 
of subglacial drainage as giant-kettles (see p. 238), stream-eroded channels in 
till and rock (see below), Rinnenseen {see p. 2.41), and sands and gravels in 
boulder-clays are, from modem analogieSp referred to the marginal »one of 
melting 263 in which the diffused subglacial waters of the inner xone became 
concentrated into definite channels and were led by marginal crevasses into 
the aubglacial drainage system. 

These subglaeial streams, derived from supergkeial sources, springs and 
frictional heat, followed the Inclination of the ground where the constraining 
ice permitted, or strove towards the regions of lotver pressure at the ice-edge — 
a backward drainage may sometimes have existed264 p. 4 ^ 9 )* ^Fhey en¬ 
larged their channels by meehaivical erosion and by melting their walls, and 
worked their way upwards by heaping debris on their beds and at their 
mouths^ as obser^^ed on Alaskan glaciers 26 ^ (s£c p. 436). In this way, they 
became etiglacial or even supergkeial over part qf their course.2^ 

Osar were bom in thb marginal melt-zone which had a width possibly of 
a hundred to several hundred miles 267 —in modein Greenland it occupies 
about one-sixth of the ice-sheet and in the Scandinavian ice-sheet was 
probably 1 80-200 km broad—though the tu n nels at any one ti me may have been 
only a few, say, 2^3 miles (3-5 km) long.^^e Jn other worda^ osar were not 
built up simul^neously from end to end; the proximal end w^as much younger 
than the distal end.^^s- Glacier-streams in North America may have been 
shorter than in Scandinavia because the ice receded more slowly and both 
topography and crevassing of the thin ice were less proiiouncedp2^ though 
in both Europe and North America a greater continuity and higher propor¬ 
tion of contained erratics suggest that the stagnant ice 2one widened nortli- 
wards as thinning progressed, 27 l 
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This subglacia] origin much supporting evidence: the mate rid has been 
carried uphill^?^ and h compact and Loed^^^ (it may attain 98% of the bulk), 
especially if the os is smdJ or only moderately long; erratics and bouJder-day 
occur upon the summits and sides^"^ (this is not crucialthe bedding is 
arched; and the hydrostatic pressure^ denoted by the size of the blocks, was 
great, Moreoverp osar are parallel with the striae and ice-jflow. and the sur¬ 
faces beneath or associated vnxh them are tvater-wom,^"^ They repose in 
river-like channels in boulder-clay or solid rock,^^ usually many times broader 
than themseh'csand occasiondly pot-holed—these channeb may be much more 
frequent than observation suggests since exposures are seldom deep enough 
to reveal them; erosion is sometimes seen in the line of the osar' between 
sectionSj^® a$ on the distal sides of divides (see p, 4^1) and is demanded by 
the os troughs^^^; and ri%'er channels, connected with osar and up to 30 m 
deep (they number over 300 in Massachusetts^^), run parallel with the ice- 
flow' on the crests and flanks of dnimlins.^* Osar are associated with Riti- 
nefiseen^ either along their length or by their side^®^^—those within the tunnel 
valleys may be erosion residuals or " fabe osar*"^®^—occur far below the level 
of lakesor of the sea^ even where the ice was standing in w'ater 200 m 
deepp^ss are related to moraines and kames. 2 fi 6 Woodworth os of 

Alaska (see p. 423) show's that thb origin cannot be neglected. The boulder- 
clay Mmetimes seen may have been due to pressure from the sides or the 
base.^®7 


The os may have originated at a moulin^^^^^ especially downstream from an 
o^truction w'hich initiated crevasses (see above). Spurs may mark the sites 
of alcoA'es in the ice^^^ or small leakages from the main streamwhile 
double takers may have arisen in a main channel kept clear by a swiftly 
flowing riveror in a widening of the tunnel in which the arch sagged and 
divided the stream into two branches.^^ 

Breaks in the os or their replacement by large pebblesare attributed to 
me stream s more rapid flotv downhill near heights of land or in narrow places. 
‘ other hand is linked with superglacial material falling 

into holes in the tunnel, the enlargement of its aides and roof*^ the stream^s 
restricted passages (Wpodw^orth^^^ emph^bed the chan¬ 
nel s innuenee upon the height of the os), or w ith deposition in w'idcr and 
quieter reaches and the irregular clipping that resulted when the ice-walls 
were removed. 


Ctocrs think an cnglacial stream, heavily charged with sand and graveh 
onginated the os.^ it was tapped by proximal ctevassing and the debris 
k melting ice-core with faulting of the material and arching 

ot the bedding* Asymmetry' of outline was due to aspect* When a trans¬ 
verse creva^ was opened, the coarser material was deposited first as the os 
centre, the finer material being carried forw^ard. On this view, the tributary 
os an^ from crevassing on cither a parallel or a transverse course; the os 
trough was eroded when crevasses penetrating to the base tapped the main 

s ream; and the os ridge after subsidence came to rest on the side or across 
the trough. 

P=ittern, mark, it hss been 
of the final or''fossil" ercvas&es which'“granite-tectonically*’ 
were irmed perpendicularly to the longitudinal crevasses associated with 
pi^h moramts and Lrsiromt^ter.^ The Aufpresfimgmar of north Germany 
may have beensqueezed into radial crevasses from below by the weight oficc,^’® 
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Frontal delta theory. In a theory almost simultaneously put forw ard by 
O, H. Hershcy 2 : 5 fl in Illinais, by De Geer^ for the osar of Uppsala, Stock¬ 
holm and Dalsandp and by E. v. Tolf^oi the essential condition for the origin 
of osar was the sea or an extraglacial lake standing in front of a retiring glacier. 
The overloaded subgladal stream deposited its debris at its mciuth, as at the 
edge of the Malaspina Glacier to-day^^®^ or in calving bays” possibly 1 km 
or more long,^^ At the recession, the “ esker-deltas ” arranged themselves 
in successive series as a more or less unbroken ridge, the “ radial 0 $”> tvhosc 
windings cojiformed with those of the subgbcia] rtvcr. The result was a 
continuous ridge like a long “squeeze'^ of tooth paste. If the icc-border 
remained stationary for any length of time, the deltas grew up side by side as 
a marginal os, especially when the channel mouths were clogged and 
laterally displaced. 

This theory^ had already been anticipated: W. Upham,^ for instance, sug¬ 
gested that osar were progressively deposited at the mouths of glade r-streams 
as the ice withdrew. Others recognised that osar were particularly good 
where streams discharged into the sea in marginal bays.^®^ De Geer, how¬ 
ever, completed the theory^ by relating the knobs to excessive melting in 
summer, the sags of finer sands and clays to diminished flow in winter^ and 
by bringing out the thickening of the varvea about the os centre (the signifi¬ 
cance of this had been earlier anticipated^®®), as shown by isopachytes 
(disposed in irregular and semicircular lobes with interlobes) in the floor 
deposits.^^ A. C. Trowbridge^® thought a gap occurred if the re-entrant 
disappeared, and the os broke up into an intricate maae of ridges where the 
front had several re-entrants or was very^ irregular. De Geer correlated the 
kjmbs with annual moraines (see p. 115 Op though H. \V:son Ahlmann^®^ 
equated them the accumulations of autumn^ winter and spring,^ when the 
ioe was stationary, and linked the sags with the summer retreat. 

The delta thcoiy' has had wide approval and some experimental sup¬ 
port : it is consistent with the evidence of ponded waters^ the w'ell-defined 
clifFdike edge of ice ending in standing waterj the rapid wastage that occurs 
under these tondiiions^ and the preservation of the os-segments w^hen they 
a re abandoned ^ It has^ how^e ver, been objected to ^ ^ ^ because the hy draul ic 
pressure was insufficient, the materials were built out as in a normal delta and 
not upwards from a subglacial stream* and on other grounds. The crucial 
test is whether the crest does coincide with the level of the standing water. 
Osar very often agree closely in height with other glacial deposits^ c.g. 
moraines and deltas^ and are related to and controlled by the altitude of the 
lateglacial sea in many parts of north Fermoscaitdia^^^ or of cxtraglacial 
lakes,^^^ as in Finland and Estonia* Elsewhere+^^® as in supramarinc Fermo- 
scandia, north Germany, Quebec and Maine, they were built up above the 
level of brge, continuous bodies of water. Such gupramarine ridges are 
Usually steeper than subaquatic oncs^*"^ and in Sweden are wider, have a more 
irregular top and less rounded or sorted materialists ^jid change their shape 
if they cross the marine limit*^^“® 

Conclusion^ A critical discussion of the riv'al hypotheses shows that the 
problem of the os awaits its final solution* I'he general characterEstics arc 
readily ascertained; interpretation alone is difficulL Most probably* more 
than one theorv' is essential to a complete explanation and it is inadvisable to 
premise that aU osar arose in one and the same w^ay* As in other cases, care 
has to be taken not to overdraw conclusions. Osar may apparently have 
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formed as on the delta theorj' in the &ca or ponded water or at the mouths of 
or within subglaci^ tunnels (especially if the streams had inaufHcient 
velocity to ca^rry their full loads uphill from beneath the ice to the higher parts 
of deltas against the back pressure of the standing water) or by superglacial 
streams without such control.^^i 

Though the features are polygenetiCp they represent the w'aning stages of 
gbciation (the l^ker Periods to use E. Durocher's term^^ in another sense) 
after the drum I in period and were accumulated in the marginal zone by 
glacicr-strea^ fed by melting. These, possibly in part superglacial and en- 
g aciaJ but al^ subglacial, deposited their burden w'ithin and at the mouths 
o timnels. v\Ticther the os was superaquatic or subaquatic depended upon 
the incident of the pro.vimit}^ of sending water. Each os must be separately 
la^osed,^ paying due respect to its external form and internal structure and 
to Its relation to the waning conditions in its owti area. 
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Chapter XXll 

VALLEY TRAINS AND OUTWASlI PLAINS 

Topography, Outivash fans, sheets or aprons^ (“frontal apronscon¬ 
stitute broad plains whose surfa^ are generally smooth and even though 
sometimK gently undulating: slijght irregularities are caused by inliers of 
ground-morainep such as drumlins^ or the Bt^ke-Oer of Denmark (sije 
P- 944 )- They are indented by kettle-holes, as in the pitted plains (see 
p, 440), or wrinkled by abandoned stream “ereases'^-^ "fuiTOivs”^ or 

channels usually narrow and reticulated and closely spaced. Tlic fur¬ 
rows may cut across the kettle-holes which were clearly then still occupied 
by ice.^s 

The out wash in valleys generally extends from side to side and ineliries 
slightly dqw^nstream^ filling up any inec^ualities in the floor and burying the 
solid so that this is rarely seen except in cases of glacial epigenesis (sec 
ch. XX\^. The average slope in north Germany^ is i:tooo or falls from 
1:3oo or 1:5oo at the head to i : 1000 at the dis^tal end. The gradients in 
north Switzerland ^ are about the same (they are, below Aaraut ^ * i too, above 
Ba^h r ^3 ;iooo, and about Bodensee, 1:330-1:200) and of the same order 
as in present-day Alaska."^ The Mashpee pitted plain (see p. 441) slopes at 
^5 ft/mile (i :2io) close to i^ apex and about 12 ft/mile (1:44o) in its lower 
half. In a linear succession of moraines and out^vash plains, the inter- 
morainic stretches may have a modified gradient or pass into horizontal lake- 
floors. 

Structure- The materials of outwash plains are noted for their hetero^ 
geneous size and grain and the constant interchange bettvecn cky, gravel and 
sand {Alo sand of some Sw'edbh geologists). The gravels are well rounded 
and often tunuiltiiaus and usually coarser than in a normal river. In places 
they are poorly sorted and pass both laterally and vertically into sandy and 
gra%'cDy boulder-clay or into unsorted till. ITicy contain boulders and 
cobbl^ at the ice ward end and become liner and finer as J. G. Forchhammer^*^ 
noted in 1847 for Schleswig-Holstein. Meanwhile the fan Itself thins pro¬ 
gressively towards its outer margin and the gradient becomes parabolically 
less; the Munich Flain^^ falls from 12 to i j % near the ice-edge through 7-7% 
and 4'4% to 2*2%, and the outwash of north Schleswigfrom 2-2-5 % ^ 
t'4% and finally to below i %, The materials decrease in grain $fs!e towards 
the distal edge and are arranged parallel to the surface but vertically arc 
variable in texture. 

In Denmark^ the materials are of hvo sizes ; the sand grains which have 
been carried in suspemion and the small flat stones which svere rolled along 
by the bottom current.^-^ 

The gratreisp w^hJeh have a higher percentage of foreign rticks than the local 
boulder-clay, are sometimes consolidated if the underground drainage is 
checked (as was early noticed in East Anglia^"^) by the lime which is present, 
giving rise to " calcrete ferruginous or siliceous cements make “ ferri^ 
Crete” or “silicrete'^ respectively. 
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Outwash of modem glaciers^ Outwash plaiits are rare about the 
present-day ice-sheets, for in Greenland the ice is largely contained behind 
mQiintain ramparts and the Antarctic has no periglacial area. They are, 
however, in process of formation in places in Green land and notably in 
Iccbnd,t^ e^g. in front of the Vatnajekiil], “the glacier that gives water*** 
Here, in the classic area of modem outwash plains, described by O. Torell, 
K. Kcilhack and N. V. Ussing, modem or Pleistocene moraines are rarely 
seen though then the outwash spreads from the moraine. Their place is 
taken by hare and wideband plains, named Swdur^ pL (this spelling 

of the official Danish maps replaces the obsolete form w^hich Keilhack^^ 
earlier introduced into glaci^ literaturc)i the largest of which, the Sprengi- 
20 cast of the Hofsjokull, covers 725 sq. m,iles (f. 1S80 sq> km). 

The Sandar — the word si^ifies sand—ejctend, with a slope of 4 5:1000,21 
from the long reaches of shingle which cover the glacial terminationsi the 
amount diminishing away from the glacier — the Si^ndur before the Hoffells- 
jokull falls from it60 to i:iio and 1:140^22 Water wells up almost 
vertically in front of the ice proving that the Sattdur plain is considenibly 
higher than the base of the glacier—in the case of Hofrellsjokull it Avas 
15 m higher than the glacier ro-ao m aw ay. 23 

traversed by turbulent and rapidly shifting streams, the 
white rivers ” or Hvitdar (D. I lummel 24 named their deposits Hvifdsand and 
others have used the term Hvitdglacial^^y They anastomose as “braided 
streams*^ Avhich swing doAvn the valley in an intricate lace-work of inter- 
osculating channels (pi, XVI 1 b, p, 464); together Avith Avashouts occasioned by 
the breaking out of glacier-lakes and oscillations of the ice itself, they 
present difficult problems to the civil engineer 2*; pastures and farms are 
swept away; structures are destroyed; and channels, spanned with bridgcSt 
are left dry. On days of high insolation and in periods of diurnal high 
Avater^ Avhen the snowfall of half a year may be discharged during a few^ 
spring w'eeks, the plains, noticeably near the ice-edge, are submerged 
beneath swollen floods or a myraid of tortuous streams and often form 
quieksands^ similar quicksands may cTcpIain the large number of proboscidean 
bones sometimes found in Pleistocene outwash.22 Farther downstream, 
the Avaters collect into definite channels or strands or mingle with those 
which, after ^rcolating through the sands and gravels, are thrown out by the 
increasingly fine material as springs.^B Xhe overburdened streams, which 
blKks^s of considerable size and coarser material than those 
not led from melting ice,20 choke their channels^ build natural levees^ and 
aggrade me plains. These are again dissected %vhen the load gets less and 
degradation replaci^ aggradation. Ilie whole process is so irregular and 
untmmmelled that it baffles all efforts to make a geochronolog>^ on the lines 
^ j P; **S 5 )t though such attempts have occasionally been 

made. In winter, m forms along the stream courses and the entire plain 
may ree^ over. Fine days are laid doAsii in temporary^ lakes held up by 
o ICS o stagn^t ice or m^ses of detritus ,23 though the electrically poor 

important than in non-glacial 


Similar pl^iis haw ^en observed in other Arctic lands 35 (Greenlanders 
errn cm^ •. wraq ), inc udmg Alaska Ashere they grade doAATistream into 

^mmon, however, since 

Hat stretches are few and the sea is near. 
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The Sajtdor are barren : humu$k is wanting; cdW waters percolate through 
them* floods constantly pour over them; and icy winds blow over them. 

Mode of origin. Out wash pbiiLs, E, de Beaumont^s iemiitts da irajispitri 
anaeii^ L. A. Neckar's aHut^um and aiiuzdum G. fL 

Kinahan's "glacialold drifthave been variously interpreted as deposits of 
lakes pent up behind ice-dams,a sandy facies of ground-moraine,'*^ or a 
produrt of the w'ashing of boulder-clay {m^raifte prafandf remanie'^^; Dihwium 
remafiie^y remnanis of which are to be found as islands of baulder-clayp 
balls of clay, or big boulders. TTiey have also been derived from the 
englacia] material of the melting iceA^ However, O. 'rorell'*^ in 1S57 and 
K. Keilhack'*^ in 1SS4 showed the resemblance of the north German out- 
w^h to the Icelandic Saftdur^ though in Iceland volcanic heat and the 
Jokuipdmp (see p. 65)^ which give rise to \ulcan0gl3cial sediment,'*^ are 
additional complications. The Sandiir south of the VatnajbkuM, with an 
annual precipitation of 140^180 cm, are less comparable with those of north 
Germany than are those on the north with an annual precipitation of 
r.6ocm.^5? 

Melt-water streams, which are laden with the grindings of the glacial mill 
and pour over or breach the moraines or issue from cones at the orifices of 
subglacial tunnels, 50 are overloaded despite their size since there is no vegeta¬ 
tion, except in patches or bolsters, and tJie ground is frozen. They drop 
their debris in the order of its coarseness so that the recession of the ice and 
Its streams leads to coarser sediments being buried under later and finer ones. 
The sheets were probably built up fairly rapidly,^^ particularly if toll was 
being levied on higher and earlier gravels. Their gradients were such as 
the size of the streams and the loads demanded. 

Striated pebbles are seldom found in the streams of modem glaciers, 
especially if these are retiring.^^ Constant friction effaces the striae at short 
distances from the snout 53 ; this was noted lOo m from the ice in Iceland and 
300 m from the Low'er Aar Glacier, and has been proved experimentally;^ 
The facets too, tlipugh occasionally preserved, are generally lost by attrltion.^^ 
Ine big angular blocks in the outw^ash, e.g. those of granite at Basel of 
nummulitic limestone in the .Mosbach Sands near Wiesbaden or of igneous 
and metamorphic rocks in Louisiana and in the Mississippi vaJky 200 miles 
{320 krn) south of the nearest ioe, 5 C may have been obtained by floating ice or 
by fluvioglacial streams undermining faces of bouider-clay. 5 '^ Similar large 
erratics were drifted to the neighbourhood of V’lenna.^^® 

1 he long, often narrow and shallow' depressions, bounded by steep back 
slopes, which groove Pleistocene outw^h,^^ have their counterparts in the 
waves which cross the Icelandic Sandar^ parallel tvith each other and with 
the ice-edge. They represent the unhlled foss, noticed for example in front 
of the modem Alaskan glaciers,** betivecn the low cones of tw'o successive 
stages in the building up of the plain; they are associated with the " backset 
beds^" that w'ere made by later slumping or the upflow' of water necessitated 
by deposition*^ (see p. 436). Thus the posidon of the ice-face may be 
indicated by an ice-contact slope with concave, steep and billowy surface and 
backset beds; by kettle-holes and kame-moraJnes and masses of till; and less 
clearly, by irregularly and poorly sorted matertal. The ice-contact slope has 
sometimes suffered postglacially or been steepened by aubgbcial streams 
w'hen the ice withdrew \*3 

An oscillating ice-edge may make the surface undulate or sculpture grooves 


43^ 


VAI.LrV THAINS and OUTWASn PLAINS 


or striae in it ^ (cf, p. 21S), Certain dislacitions and pressure disturbances 
may, however, be made by river ice acting during the winter months when 
the outnash streams freeac over. 

WhUe the term “fluvioglacial” has been widely used, the term “glaci- 
fluvial [glanfuvtum) is probably to be preferred« J. W, Gregory*'? 

uced the term glacieluvial to connote the broad spreads of gravel 
laid down by irregular wash or sheets of water issuing from the icc'Slopc, 

Valley tr^ns- Chamberlin’s "valley trains",*8 the "frontal deltas" of 
. , I tone and glacier-river formations " of Danish writers,'?* resemble 
other oimyash plains in the great aggradation and coarseness of the material 
where ttieir heads blend with moraines or outwash plains.^i Unlike these, 
t cy confined to \'allcya, filling these from side to side and to 

oonsi eta e epths in the area of the Wisconsin glaciation to depths in 
p aces o as much as 90 m and in that of the Rhone Glacier to a depth of 
ISO m and spreading out as fans at the vomi(ory .73 The decline down 
^ «y W^ch may be 20-50 ft {1:106-26+) per mile and exceptionally as 
njgh ^ 375 Jt (i : 14) per mile is frequently not regular because they were 
de^sitcd in sections corresponding with stages or halts in the retreat. 

* trains arc highest along their middle line and slope laterally 

^ 741^ ''■allej’s (though the lateral slope may later be reversed by 
I ^ ggf^dation, therefore, may form lakes or sluggish rivers 

irTa/'i ,! ,1 <^'^“rses of icc'free tributaries or in those which had leas vigorous 

liii'li f, lacustrine and fluvial phases of deposition. 

4nfl »k •*^i J indefinite shore features since they were short lived 

ml« ^nsiderably because high and low water in the 

main suram also had a big range. They were associated with volley trains ^5 
in the *?Upiiic glaciation and about the North American ice-shcet: the tribu- 

Illinois and of the lower Ohio were ex- 
E ravels filbnp it iaminated, covers the floors—and the 

Lake and Libe^^'Se"*^' “ Columbia formed, for example, Newman 

th glaciated countries,'?* e.g. Scotland and 

(where they form the 

Sim .'7,^1 the in north-west feissia and parts of the 

e 7 iilh. S of Fennoscandia. in eastern North America, 

of the Great Lat 71 ' Susquehanna and Ohio rivers, and south 

Missbsiooi rivers nn*! k ^ Wabash, Illinois, Wisconsin and 

lyississ ppi rners, and along the Columbia River to the Pacific Ocean They 

the ice which had advan* “ rom the ice-front; the overloaded debris from 
sected W larpe streamc d™k caused aggradation, was dis¬ 

had settled Dissectifm ®tging from glacier-lakes in which the sediment 

of ice had melted, outlying gravel-buried masses 

"r- P'""* “ »f low rel«f 

centric about the mouths of riversVufnETor7h'‘r i 

frequently m ernbayments in the ice-face The aoir ^ tunnels and 

iJice. i tie apicers arc situatird at the 
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breaches of the frontal moraines, as at the distaJ end of Rimteaseen ($ee p* 241), 
tunnel-valleys or fohrdes (see p+ 353), the cones quicl^ly broadening away 
from the ice and declining in height^ at first somewhat rapidly, Jater more 
gently. 1 he cones may lie between the lobes of the moraines or about their 
middle points. 'Fhe first tj'pe (SanderbiichieTi^^; ^Vinterlobule fan^^®^), in 
which the emerging streams largely controlled the shape of the ice-front, 
occurred in Jutland*^ — it forms thewest of the Main Stationary 
line (Hot'tdopholdsbme} —in north Germany®- (fig. 76) and in west Russia®^ 
where they have sloped of 3 5:1000 and the difference in height between 
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Fig. 7^, — -The East PmR&ian lakes and the sAnds of the Xartw fivitcm. P_ WaldaCedt, 

p. 117 , fia- 


the floor of the lake and the hxghe$t part of the cone is 50 m, exceptionally 
too m. I'hey sometimes display melt-water channels which carried off the 
overflow from lakes ponded during the recessional stages, as in the Rimen- 
seen.^ The second in which the ice apparently depended more upon 

the reliefp was associated tvith piedmont glaciers north of the -'^ps* Grain 
siare and current-bedding enable the drainage in both t^'pes to be recon¬ 
structed.®^ 

Melt-w^aters may also cut dowm into the cones. Troll has fully described 
their mechanism and the forms they assume on the Munich Plain. " 'rrumpet 
valleys ” were excavated with new' cones at the mouth (fig, 77) as soon as the 
retreat began, i.e. at the very end of the Glacial period and to a less extent in 
interglacial and postglacial times. Each recessional stage, due to the late- 
glacial dissection of the fichotter and the formation of climatic meanders^ had 
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its own truunp^t valley and cone^ the latter reaching farther and father out¬ 
wards. Trumpet valleys occur in other valleys in central and western 
Europe^ e.g. Inn^ Lech, Moselle, Rhine and Ticino. 

Pitted plains. Pitted plains (Swed. kittel/dlt) resemble other outwash 
plains in composition but arc studded with kettle-holes^ some of thern so 
shallow that they hardly deserve the name. The pits have slopes of 5-20* and 
are circular, elongate or oval or quite irregular in shape. Usually they are 
unaccompanied by knobs though plains with few holes grade into others with 
countle^ hollows and finally into gravelly ridges and mounds of the kamc- 
mor^nic t)pe. Portions of the underlying drift, such as drumlins, osar, 
terminal moraines or tilb are visible in many of the larger kettles. 
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Fig. 77 ‘~niiigrtiii of trumpet vdky* and conet. C. TroH, 1717 , p. iGi, %. 4. 


Pitted plains arc rare in Europe fnorth Germany is said to have none®*) 
but are common in parts of North America,®® particularly in interlobatc 
repons. M. L. Fuller has excellently pictured one such plaiit on Long 
Island, New \ork The Mashpee pitted plain of Cape Cod is another 
excellent example®^ {Fig, 78). 

How they are formed has been witnessed in Alagka®^ where the kettle-holes 
range m diameter from one or two metres to c, 75 m and number as manv as 
100 or more per square mile. The bigger ones have pools through which 
water flows continuously. Ice underneath keeps the waters cold and the 
slopes steep It is responsible too for the constant slipping of the stratified 
gravels on the sid^ and the marginal cracking and faulting of the areas by 
slumping. Crumbling, mfillmg and meandering streams make the walls 
less steep: many kettle-holes are obliterated in this way. Extreme pitting 
imphts the deposition of ^vels over a nearly horizontal sheet of inert ice of 
irregular thickness.®^ Thffic excessively pitted surfaces resemble katne- 
momnes but may^be distinguished by their better assortment of material, 
their more even sky-lme, and a tendency to lengthen along the valleys.^ 

the glac al floods were big O. AmpforerW contends that the two kinds of 

"“h P™i»rttonal and mutually exclusive. The 

Brandenburg and I-rankfurt stages of north Germany '(see p, 1164) are 
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characterised by their greatly developed outw'ash while the Pomeranian stage 
has little out wash and bigger rooraincs.^ The difference may be related to 
the duration of the haltsto different dimatic conditions^ or, as in the case 
of the Pomeranian stage, to an advance which pushed up the outwash into 
stau -morai ncs. * 

The assodation of outwash and moraine, which occurs about modem 
glaciers,Iis depicted in Penck^s ideal glacier suite, the Glacial Series^®^ or 
trinity' ffig. 79^ cf+ also fig. 53, p+ 27o)-^the other members are the Zentral- 
bfcktn (see p, 269) and the drumlin 2one (see p, 393)—^and recognised in the 
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Alpine glacialists’ “cone of transition" or "region of passageThe 
transition may be perfect, the outwash becoming steeper and coarser as it 
passes into the moraine, or there may be a low scarp between or a fosse 
parallel with the moraine where outwash partially buried the ice-ffont.’^ 
Sometimes detritus accumulated inside the moraine if this was massive and 
barred the drainage. Thus outwash may occur with or without moraines; 
the two types constitute respectively Chamberlin’s overwash aprons and 
outwash plains or apronsJOS Woodworth’^ recognised in New England 
outwash:(n) frontal moraine terraces vdth ice-contact slopes; 
( } esker-fans or small plains built up at the mouths of subglacial streams 
and connected with feeding cskers; and (c) wash-cones which slope sharply 
and have i«-contact faces. A succession of such fluvioglacial complexes 
Showing imbricated stnicture may mark a recession. 

Dlsi^ibution. All the ice of the ice-sheets, save that which was trans- 
orme into vapour, finally passed into water; "centuries of precipitated 
moisl^c were let loose at once".l«« This was augmented by summer rains. 

J he streams vvere more copious than the modem ones in the same area 
becau^ the cold reduced the evaporation, vegetation (which absorbs water) 
was absent and the permafrost prevented percolation. It is, therefore, not 
surprising that Pleistocene streams appear to have been greatly swollen and 
t^t out^sh sheets in their several forms should be one of the most important 
of glacial accu mulations. For esample, the " modi fied dri ft" extending west- 
wards from the New England states to Minnesota, the Dakotas and Manitoba, 
w® ffitimated at one-quarter or one-half of the lota] volume of the tillJ® 
iKissippi outwash, which was fed by augmented precipitation and by 
melting from an i8oo-milc (r. 3000 km) front of the I,aurentide ice at the 
WiKonsm maximum, can be traced to the delta at the mouth of the river, a 
distant of 500 railra (800 km) from the confluence with the Ohio (a main 

from the nearest icc- 

® ‘l ” Columbia River sediments of glacial origin reached its 
mouth, more thim 300 miles (4S0 km) from the source of the melt-waterd'l 
A ‘ ouuvash sheets are In north Germany where Wahn- 

Khaffe and Keilhack recognised their true namreJ 12 They constitute heaths 
WKf?"! f- ^ ‘ 1 Schleswig-Holstein and south-west Meck- 

V r Hcide, one of the most unproductive parts of the 

Brandenburg, the " sandbox " (SawdAwe/wf) of Geimanv. > 
edlld j' consUtutes the sandy and gravelly platforms 

>1 tk k t. often bare and monotonous or covered with 

heather, bushes or woodland or with patches of bog (Moorgtett), which in- 

w^lh J underlain by pans (OrtSnn). 7 'he out- 

bntiTH 7 >ecfaflnd (Dut, keisand) and grades into 

fine J,?H^^*^ fGcrrAieAedec&afldiiS) or into extremely 
dTr f 1? if banded, m,derton). In 

Jwd f tk t T-^a’ ^ c.g. where the ground 

sloped from the Baltic Ridge to the Berlin UrUronttol 

tado... f..™ i, d„e 

™™"“ -W'h bSh« 

^tern halt ol ^le peninsula, as horchharamer noticed,i2l> and at their western 
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The heaths are now dJaplacecl by cultivated fields and plantations. 
The outwash plains occot too east of the Baltic ^ 22 jn Russia, down 

the Dnieper to the rapids at the mouth of Samarat and vAth fluvial sediments 
over much of IloUand,^^'* west of the Rhine {Ziittddiltixium'^^^; DHiwium 
The relief and the widespread lateglaeiaL submergence made 
them rare in Scandinavia, though they have been described, for example^ 
from north Sweden (Fredin, 1954)^ 

Outwash plains, up to hundreds of metres thick, arc also found in the South 
x^merican Cordillera ^ 27 iK^veeit 1 5^^ and 25^^ Lat.; and east of the South Aipa 
of New Zealand, as in the Canterbury PlainJ^® This plain, 6ao miles 
(c, 965 km) long and 30 miles (r. 4S km) bmad^ falls from 1500 ft (c. 450 m) to 
sea-level with a gradient of 1:117. coalescing outwash, 1800 ft 

(r. 550 m) thick, includes marine and lignite layers and fills in the shallow sea 
that once separated Banks Peninsula front the mainland. 

In most regionSp the outwa$h w^a$ probably built chiefly during the dis¬ 
solution; for the lower temperatures, more rapid flowp and atceper fronts of 
the advancing stage provided a narrower ^one of ablation and a correspond¬ 
ingly smaller discharge of melt-waterJ 29 

Alpine schotter^^ The Alpine schotters are among the most important 
of all outivash plains; with the loess they provide the basis of Pleistocene 
archaeology and chronology and the battle-ground of the controversy con¬ 
cerning the control of outw^ash plains. The subject of a considerable litera- 
tyrc +130 are yQ thict^^^ and are widely distributed. As the 

Terrmsendthmum of the writers of the middle of the J 9th century^ they spread 
along tlic major valleys to their confluence in the Swiss Plain and down the 
Rhine to BaseM^^ (^the Rhine outw'ash is c. 75 km long), as well as over parts 
of Bavaria, as in the Munchener Ebcne (Munich Plain) which is 70 km 
long and 10-40 km broad beuveen the Inn and Isar glaciers (fig. So). They 
form big fans in Piedmont and Lombardy and over the site of the Pleistocene 
subsidence in the Po plairi^^ where, as at Cremona, they are 237 m thick, 

The Rhine received melt-waters from all the SwH$3 glaciers* i.e. from the 
left flank of the Rhine Glacier, from the Linth, Reuss and Aarc glaciers^ and 
from the right flank of the Rhone Glacier. The various schotters joined at 
the confluence w ith the Aare and spread as a united outwash down the Rhine 
past Basel (fig. 8r). The slope -diminished dow^n the valleys and approaches 
more and more that of modem streams. It varies, how'ever, w^ithin consider¬ 
able limits the lowest is betw'cen i -z and 3: looo, the high-est as much as 
iC3-ia:J:ooo and well exceeds that in north Europe (see above) because the 
valleys were narrow^ the gradients high and the rivers big*!^^ 

Nature of control. Penck and Brucknerdeveloped the \'ieWp w^hich 
C. Maitins^^^ had expressed as early as 1841, that the schotters were built up 
fluvioglacially. Thus the schotters pass into moraines though the dove¬ 
tailing is seldom visiblethey enclose morainic material and are absent 
within the morainedi^‘^2 though these arc only to be expected in this position 
if the ice advanced over its own outw^ash^^^; their fauna, mainly larger 
mammalia (very rarely a microfauna), is arctic-alpine^—^the Dcckcnschotter 
has not yet yielded any vertebrate remains—and certain of their land shells 
are typical of the Icrttss^"^; they are separated by loess which rests in hoUows 
on their wreathe red surfaces and by interglacial epochs of river erosion 
during which they were either laid dow-n higher up the valleys or were not 
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de^sitcd b^use the climate v^^ too (hy,i« The S^iss rivers have cut 
(lowfl into the Lower Terrace to an average depth of lo-i c m 

diXr fairly generaJly acceptedl« though gJacialists 

differ about the exact chronology; the schotter formation is placed during the 

» dm,ng ft. „r during ft. .dvnnc. »d ..ftnrtit™ 

schotter terraces are so united into a single glaciation^l^^ 
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Greater dive^nw is shown by those who think the schotter vs^ induced 

increased the delivery- of material or. more 
^ner^Iy, by ^tonic subsidences which, during interglacial epochs, lowered 
the valleys and converted them into lakes.i!* With this oririn; it h ureed 
are in better a^eement the distribution of the precipitation . the sehottcra’ 
ErS'nf tJrS into the intennorainic regioniss; their furrowing 

thlTnd Valley IS 7 ; their independence of 

has been termed the Vortchotier^a or Vorstoss^ 

hv ^"Stttall^y by V, HiJber.i« has been cogently argued 

Inn'^f/v w« “t'sf^^tion that the sdiotter iifthe 

^ ^ glacier-Jaie, as had been suggested,but 

^d at Rum fla far as the Alpine margin 

at Rum ,165 near Innsbruck, to 360 m below sea-level, pivine a toUl 

K' subsidence took place either continuously l« 
W ^ with pauses denoted by the threefold alternation of coLse 

may EraccepStrTh h" Ampferer's reconstruction 

Wiilc HdSlttrihy;' jnn vaUey.l« 

ffl in rehrinn subsidence of the Alps 

to vSev 1™ amounts from valJey 

for the IsorLo i 7 ^r,r; n "J Lmtb,n3 and 

sediments fwilh their die interglacial lake- 

e e ™ mVn discovered in these valleys, 

• a I ‘ ^ n ^-^ch, 400 m in the III and 300~7c» m in the Inn 1^5 jhe 
m^r .AJpme valleys have no such sedimcnts.l^ 

to the^RS^W?nS^?"f k inUTglaeialsehotter. referred by Bayer 

iThe 2 ^' A? ^ Vlindel-Riss in Switzerland and the 
Penck w'hile admirti ^controvertible. Nevertheless, 

and of a existence of an interglacial Sdiott^interb^m 

thnt ?k ^'^^‘"^^^^'^[^f^/fotieruHterbau, remains with HeimiTS of the opinion 
(see p. 933)^ ^ schotters as worked out in his classic publication 

coS^n“trrv“w!j^s’» ice-isostasy lao or the 

of the Tertiarv movempiYt^/V produced outside,! ^1 or in a continuance 
th^ movements {GTwtbeifegur^ett} of like sign.lS^ The latter is 

cS uoTer ft dike place in certain vJlTy^'i^l 

to icconcik ,viih thTiratoiJ'd nioranieiiBa,,: difficult 

Isonzo region, i« testify. mo'ements. for example m the 

The terraces in the Upper Rhine. Neckar and k t il 
with tectonic movemcn^liss ^ equated 

A number of writers invoke chanevs in 1^ 1 r l 

seas like the Sea of Arali «7 which 3 ^ thl^hi^* 

were controlled by synchronous osdultS^^^hV^ 

ti, usciuations, chiefly negaDve movements 
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iritemipted by positive ones of less amplitude fsec p* 136S). This ^iew fails, 
however, to take into account the schotters' dovetailing with the moraines 
and their downstream convergence Hence, a single valley had two con¬ 
trols, a glacial and fluvioglacial one above, and an oscillating sea-Iev el helowj*^ 
as the grading of the outwash with fluviatile terraces suggests The same 
glaciation produced duvioglacial terraces in the high valley and rejuvenation 
in the lower valley following the eustatic lowering of the sea (see p. 1355); 
interglacial times witnessed erosion above and aggradation in the lower 
parte(see p. 1026). Terrestrial movements in the middle stretches^ as in 
Rhine and Danube (see p. 1265), have complicated matters. 
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Chapter XXIII 


GLACIO-LACUSTRINE AND GLACIO-MARINE 

DEPOSITS 

I. Glsicio-lacustrine Features 

(ff) €hara€terhfics 

Lakes on mo-dern glaciers. Under contitm^d th^w^ gJacier^surface^ 
which have a gendep even fall and are conripar^tively free from strain, become 
seamed with stream courses, sometimes unford able, and dotted with pools 
and lakes which may be formed by the collapse of engladal or subglacial 
pas^ges, by enlargement of parts of crevasses by meltings or by the niore 
rapid melting of clean ice amidst debris-protected ice* The lakes travel w ith 
the ice and drain through Ensures or over low^ points on their rims. Super- 
glacial lakes of this kind have been observed in the A\p&^ on the Mer de Glace, 
Geantj Gomer and Aar gtaciers^ They occur too in the Karakoram Moun¬ 
tains and Himalaya,2 Alaska,^ on Vatnajokull,^ and in North-East Land 
during summerin striking contrast with the spring as A. E. Nordenskiold's 
traverse showed.^ Streams, Avith lakes up to i km long and 5 m deep, are 
also tq be found on the Greenland ice-sheetj^ particularly in the west w^here 
they are met with up to 153^ ^ above sea-level and toy km from the ice-edge. 

In tile Antarctic, the warm arctic summer has no paraileh Because of the 
e^rtreme cold (see p. 167),^ dust Avells are few\® crevasses are deeper and remain 
wide and gaping,^ and the sea-ice keeps its normal salinity up to the ice- 
edge Melting is local and infrequent and flowing water is almost completely 
absent.^ I Yet streams and lakes are not unknownespecially on northern 
faces, or w‘here airong foehn melts the snow^s along the inner margin of Ross 
Barrier or rock-w'alled valleys encase the glaciers^ e.g. the Ferrar Glacier. 
SupergLacial lakes repose toAvards the periphery on piedmont glaciers of gentle 
sLopc^ notably if the ice is nearly inert and therefore uncreA'assed, or is so cold 
that streams are compelled to remain su.perglacial +^3 |q interior*"* (as 
AA'ell as in Greenland and on Mount Everest above 7600 m^*)^ there is no 
melting, no surface stream, no hard snosv crust, and no macroscopic stratifi¬ 
cation of the fimi 

Nuoatak lakeSi Lakes are ensconced in the lec of nunataks^^ (^* Ice- 
lak^ or of projeetions into a glacier's side, and in the " moats " of Hobbs 
AAhich are sometimes bridged with snowdrifts or converted into the courses 
of glacier-streams.^ Usually deep and narrow and hemmed in by vertical 
faces of ice,, they ow'e their origin in a small measure to the wind, mainly to 
ab^rpdon by the rwks of the sun^s heat in summer and its radiation which 
melts^ the ire back. \\ aters streaming in rivulets From the ice either flow 
over It or disappear through ice-grottos. 

Such lakes are not infrequent in Greenland,^ in both east and w'est* as 
around the Jensen's Nunataks.^^ They are rare Ashere the ice-surface in east 
Greenland moun^ towards the nunataks^^ because here the floAV b more active 
or greater nourishment replaces loss by ablation. They are extremely few on 
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the Antarctic continent but have been seen in South Victoria Land^ and 
round Gaussberg whose deficient precipitation fails to compensate for the 
local ablation 

Pleistocene nunataks below the snowline Avere also associated with lakes. 
Their traces are usually indistinct because they were ephemeral, the sub¬ 
glacial drainage varied their water-levels, and their sands and gravels escaped 
into stihglaciaJ or lateral streams or were afterwards modified by soLifiuKion 
and Ice-aclion. Nevertheless, lines of pebbles and strandlincs margin the 
nunalaks 27 in south Finland and Greenland though it is sometimes difficult 
to distinguish them from horizontal moraines or fluvioglacial accumulations, 

Modem Tnnrgifial lakes. I^kes are hemmed in along the margins of 
glaciers under special conditions of restraint- Of the five recogniKable 
varieties the most important is found where a main glacier, advancing down 
its valley^ closes its ice-free tributar>\ The closure is only effective if the 
trunk vjUley is not much or at all overdeepened^ or if both trunk and tributary 
have been similarly lowered. This is the commonest type in the Alps^: the 
Oetztah Rut or and Gurgler lakes are or have been instances. The classic 
example is the Mcrjelcn See which is bounded by a tongue protruding 
eastwards from the .Aletsch Glacier. This triangular lake, which is at 
^435 ^ 78^5 deep^ attained its greatest length of 1600 m in 1S7S. 

Graenaldn,^^ the largest glacier-lake in Iceland and one of the longest in 
the worlds has an area of 188 sq. km and a depth of aoo m. .Marginal lakes are 
also ponded in Norway^^ (Demmevatn is the best knovvn)^ Iceland, 
the Pamirs,^-* Himalayas and Karakoram .Mountains,Tienshan,^^ west 
and south-west Grcenland,^^ including those in $idc-fjords that rise and fall 
with the tides. 3 ^ They arc less common in nonh and east Greenland,in 
Elaffin Land,^ in Spitsbergen^"^^ in the Caueasu$+'*^ in British Columbia,^^ 
in South America—Lago xArgentino has a surface of 1560 sq, km—and 
very rare in the Antarctic Alaska^^ has the most abundant lakes of this 
class. 

The second type, w'hich arises when a lateral glacier obstructs the main 
drainage, is seldom observed, partly because^ as is seen in modern glacicr- 
regions (sec p. 63) and has been inferred for the Pleistocene Thames,^^ the 
stream bars further progress by melting the ice and tearing off floesn In¬ 
stances include the ilattmarksee held up in the Ssas valley by the Alklin 
Glacier‘s the lake in the Rofental ponded by the Vernagtfemer at 

times of great advance-^^ the Lac du Combal at the southern base of 

Mont Blanc- and the lake in the Shy ok valley of north-west India^^* (sec 
below). In the Karakoram MountainSp^i where the type is not uncommon, 
one such impounding glacier carries the illuminating native name of Chhati- 
boi^l ("there will be a lake"). This relationship was very common in the 
North American Cordillera in Wisconsin time: an example is the Spokane 
River Valley and its continuation, the Columbia River valley as far downstream 
as the Coulee Dam.^^ 

A third and rare t>'peS 4 jg the triangularj usually shallow and diminutive 
lake which nestles at the junction of tw'o glaciers because of their convexityv 
Alpine illustrations^^ are the Lac du Tacul at tfic end of the spur of iMont 
Tacul, the lakes between the two branches of the Gomcr Glacier below Monte 
Rosa, the lake between the Hintereisferner and Kesselwand, and that on 
the Glacier du Talfefre below the Jardin. Other examples have been recorded 
from the Himalayas^® and the end of Dalager'a NunataJc, west Greenland. 3 ^ 
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The rem^iining typc$ embrace lakes which exist by double instead of simple 
dost.ire—Lake Ta$ersuak^® f ^ big lake*^) in u^est Greenland is the best known 
— and tho$c which occasionally arise in a main valJey by a glacier's retreat 
from its head owing either to ice-5tar%ation, as in Alasba^^^ or to ponding by 
a remani^ glacier^ as in the Val de Bagnes below the Giitroz Glacier.^ 

Lakes (“melt-water lakesare sometimes imprisoned between an ice- 
front and an earlier moraine spanning a T^-alley through which glacier streams 
have been unable to keep a dear passage;®^ They arc gener^ly short-lived 
but probably of some prevalence during the Gladal period the 
glacier-lakes of Saimaa and Sa^inki which were held up by the Salpaus- 
selkas (see p. 117a) are excellent examples (figs. 82* S3)* Their waters either 
escaped through the sands and gravdis* leaving their muds behind as banded 
clays*^ or discharged over their moraines in hollows or " creases building 
up outside hJgh^ fan-shaped deltas, fans or valley trains. 

Outbursts. WTiere the summer is warm enough to induce much melting* 
as in the Alps, Himalayas, Iceland^ Spitsbergen, Alaska and South America, 
glacier-lakes are liable to drain completely or partly through or under the ice and 
flood the valleya below. They give rise to submarine springs in fjords, or in 
lower glacier-lakes to sublacustrine springs which sometimes spurt up with 
great volume and rapidly empty higher Idtes.^ This sudden evacuation of 
lateral, possibly also of englacial or subglacial lakes (see below). Cakes place by 
opening new' or widening old crevasses by the melting and undermining action 
of glacial w'aters, by escape bet^veen a glacier and its bed, or by spouting out as 
fountains qn its surface or through subglaeial sands and gravels.*'^ The 
drainage starts as a mere trickle along the crevasses but rapidly widens these 
into tunnels which enable the flood to break through.^ The volume of such 
waters may be enormous. It is estimated,for cxamplei that the burst of the 
Gic^troz Glacier in 1S18 discharged i iio million gallons, the Merjelen See 
in 1878 1709 million gallons in 9 hours* the Shyok Glacier (see below) in 
1929,1475 million cu, m and the Grijtisv 5 tn eruption in 1938 50*000 cu, m/sec 
or a total of 7-5 cu. km. The most violent floo^ in Norway occur when the 
glacier begins to float and the w'aters form a wide expanse beneath it™ 
(fig. 84). 

Statistics and historical records from the modern Alps^l show that cata¬ 
strophic outbursts of this kind are a normal feature of icc-activity though the 
present recession (see p. 146) makes them less fretiuent. Thus the Matt- 
marksce has burst out 26 times since 1859’^^ and the Merjelen See^^ dis¬ 
charges at irregular intcn^als* associated with ice-recessions—it was drained 
in 1939 and again in 1947. 'Fhe bulk or whole of the water passts through 
fissures in the AJetsch Glacier into the Rhone \'alley, lowering the lake-level 
at first slowly, then more rapidly, and exposing a vertical face 500 m long. 
The burst sweeps as a wave, which on the i8th and 19th of July* 187S, carried 
II million Cu. m of water in hours. To reduce the flowing, a tunnel 
548 m long was constructed in 1S89 from the lake into the Seebach; the rctiral 
of the Aletsch Glacier has up to the present made it unnecessary. 

Similar outbursts have been noted in the Himalayas — the Shyok Glader^^ 
on the Indus produced the most important* its impounded Jake achieving a 
surface area of 65 sq* km and a depth of 122 m (fig. 85). On bursting it 
generated a wave which rose to 26 m, attained a speed of 137 miles (22 km) 
per hour, and transported blocks of ice up to 15 m cube. Others have been 
witnessed in western North America,'^® in Scandinavia and in the Mendoza 
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silt content in the glacier^river. The flood may be so powerfij] that it floata 
the whole edge of the vaat ice-cap the moment before the catastrophic break 
take$ place. It waahes away or le^-ela long lengths of moraines and sweeps 
over the Saridi^, carrying with it Urge amounts of mud and a mixture of dead 
ice, erratics and volcanic ashes.®® 

Subglacial and englacial lakes. Subglacial or englacial bodies of water, 
wholly ice-bound or partially confined in hollo^vm in the ground^ are associated 
with some glaciers. They are demonstrated by catastrophic emptyings (most 
likely from engladal sources as in connexion tvilh the Ferp^le Glacier®^ or 
the MaJaspina Glacier,®^ or in the catastrophe of St. Gervals-leS'Bains 
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FiC. 85.^ — Skctch-map df the Shyok Glacier and die Shyok River^ 
J, M, Lacey, EngiiKtr 1^4, 1931, p. 372,^ fig^, a. 


where waters from the Tite Rousse Glacier escaped from a gallery of a glaci«- 
streaTn or from a lake completely enclosed. They esplain the crater-Uke 
depressions on the ice after the escape of the flood,®® e.g. on the Ubelthal- 
ferner, Tfete Rousse Glacier and Tasman Glacier, New ^aland, and account 
too for typical fault-lines, as on the Joatedalsbrae,®® and for clear glacier- 
streams, with regular regime, as in the case of the Puntaiglas Glacier.®^ 
Similar subglacial takes have been suggested for modem Iceland®® and for 
the Pleistocene fee-sheets ^sce p. tit), c,g. ice ward of transverse ridges.®’ 
Protection against outbursts is sought in the Alps by tunnelling under the 
glacier, e.g. the Allalin, or by constructing dams to check the waters, e.g. in 
the Martell valley of south Tyrol. 
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Geologic^ acdon of outbursts. The destructive action of glader-icc 
1$ considerable™! it includes the overriding of cultural features, etc during 
glacier-adt-ancra (sec p. i+i); the action of avalanches (see p. 570); tlie burst¬ 
ing of subglacial or englacial lakes, of lakes between gkdera and earlier 
frontal moraines,!'! such as the outbursts in the Peruvian .Andes where the 
evel of water in narrow gorges rose 140 ft (f, 43 in)~about 6000 lives were 
lost in one such catastrophe—and of lakes held up bv ice-avalanclics®^: and 
the sudden emptying of marginal lakes. 

The geological importance of outbursts was early recognized.SJ Besides 
br^mg off massK from tlie end of a glacier,^ they temporarily augment the 
VO ume and therefore the erosion of subglacial streams, sweep away frontal 
moraines, screes and other materials from a valley's sides,™ and build up 
torrential deposits by their " waves of sand ”, as from the discharging Merjclcn 
unloading as much as i million cu, m at one time™ (see above). 
I hey rnay ^ve carried some of the more oudying erratic blocks, as in the 
nmjabs"; blocks too cu. m in size were conveyed it km during the St. 
Gcrvais catastrophe. ^ 

Periodic or occ^ional catastrophic emptyings were associated uith Pleis- 
t^ne lakes,™ m Europe and North America, especially during the initial and 
I ® geological results of the earlier phases are no longer 

eS “u ^ rccogniKible only with doubt and diffi¬ 

culty. OutbiirsM have been credited with the erosion of all our valleys,!™ 
with certain erosionaj signs in Scandinavia,!01 with the transport of numerous 
ail /‘r Dufimce and EtschJO^ and with unsorted and tumbled 

(Frodin. I9J4). ITiey .vashed the valley- 
Sweden and registered the extremely thick 
Wh7rb w Jt'ttbllhlaup layers .W Glacial Lake Missoula m Montana, 
vs«lTp^^K . A 5™ miles (c* zoSo cu. km), escaped with » 

(e F*!" siJcond and a volume of 9-4 cu. miles 

per hour.105 Th^ effects, however, are obviously indis- 

-.Tl ** iJcandinavial™ and the Himalayas,!*" or of 

Alos and clsewh^an_ landslides which occurred on a large scale in the 
Alps and elsewhere during the Pleistocene retreat.'®® 

® Slaci«-lakes. Glacier- (" proglacial ” or ’■ hyper-glaeial”!*) 

ItlSLf 'n ire^owed against 

the T' the bounds of 

the natural slooe Th/-v ^ moved in the same direction and down 

northern hemi^herltndTbe^S« vallep in the 

altitude. Imme^ly biiger^thaS‘’Jh^“Jf ^ “"I 

highly kaleidoscopic manner in obi^ie^^n 

maintained bv direct precipitation bv draini*T» f fhey were 

Mtiieien "J"'il'f'f'■! 
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Melting and waves, combined Vrith a calving of small bergs, sometimes as¬ 
sociated with seismic action, forced the face in places to fall back more 
quickly than elsewhere and become concave, so forming “calving bays" as 
in Scandinavia'and North America."^ 

Exception has at times been taken to the theory of Pleistocene lakes of the 
dimensions generally postulated* For example, the depth assumed, such as 
the c. 4^ m at the ice-face in Montana,"® would lift the barrier and allow a 
subgladal escape"*; the sites were occupied by stagnant ice, the supposed 
lacustrine clays being “ pressed days " or the banded dirt of englacial detritus, 
released by rising bottom melt'"; and normal streams lowering their beds left 
the alleged lake-terraces,"* The spillways originated before the Ice Age by 
river capture or by erosion along joint systems"® (see below) and could not 
have been cut by the clear streams that issue from glacier-lakes."* But the 
quantities of debris in glacier-lakes and the thin winter-varves (see p. 1153) 
make it likelj' that much fine rock-flour w'ent through the outlets, as it does 
to-day,’2l some of the streams in modem Alaska and Greenland being diitj- 
brown or milky with sediment; the bare rock, exposed to frost, as in the high 
Andes, facilitated effective erosion; material lay ready to hand if the stream 
flowed over drift'"; and icc-janjs at the exit, wnth the irresistible force of the 
momentum of a flood, caused a rush of water when they burst at the spring 
thaw-, the waters excavating rapidly and using the detritus which the winter 
frosts had accumulated*l 23 Deposits beyond the spillways include rock- 
fragments of known derivation which could have reached their present 
positions only by coming through the spillways .'24 

Azoic. Modem glacier-lakes, as in Switzer!and ."5 are generally azoic; 
they contain neither water plants nor animals, though the waters, if clear, may 
have a moderately rich biota."* A fetv species of copepods have been dis¬ 
covered in those of north-cast Greenland,'some insect larvae in those of 
west Greenland, 12 * and some life in those of the Yukon,' 2 * Glacier-lakes in 
.Alaska contain ice-worms' and seals persist for many years in the glacier- 
lake in the tributaty of the Kangerdlukasik (“peculiar fjord"), west 
Greenland ."1 

This sterility springs from several causes: the lakes arc temporary': they 
lack Organic matter which might serve as food; and tlieir abundant detritus 
prevents a flora developing, as in the muddy stretches of the Greenland fjords, 
though Limnaeas are plcntiftd in Alaskan kettle-hole lakes which gJacier- 
streatns charge with fine mud ."2 The main cause may be the extreme cold¬ 
ness of the ivatcr, due to floating ice, to contact with the glacier and to the 
cold ice-winds, ^ough cold glacier-streams arc not without lifc."^ The 
lak^ belong to tlie polar type"'*; they liavc a permanent thennocline which 
limits the circulation to the epilimnion whose temperature does not exceed 
3 *^ 0 . (see p, 1153)' Pleistocene lakes probably froze over during winter, as 
they do in present-day Antarctica 12 * and the Alps—the Meqelen Sec is 
frozen over 370-300 days in the year: this was surmised for Lake Agassiz,"^ 
though the absence of buulder-ridgcs from many stretches of its beaches may 
mean that it was not wholly ice-covered."* Freezing took place near the ice- 
edge where the stratification was inverse and the cold water on top. 

'I'races of life, apart from die occasional plants w'hich have been swept into 
the lakes,' 2 ® are not quite unknown from Pleistocene glacier-lakes: the plants 
from glacier-lake deposits of Jerseyan ( ?) age in Pennsylvania, which include 
Bftuta ttigra^ Quercuf preJigitaia, Caslanea putnila and Ultnus racemosa, might 
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be found in the s^e genend area ta-day. Tracks of CMronomus have 

been yielded by Swedish lake-clays and intermorainic clavs (they mav be 
mterglacid or interoscillationan‘+^), and indications of annelids, Crustacea 
and by other lake-days.Additional instances of life have been 
recorded from Germany(freshwater shells in the East Prussian drift were 
thought to be relict from such lakes^’^^) where they are confined to the summer 
vanes. Arctic plants have been found in similar clays either alone, as in 
biveden,!^ or with freshwater molluscs, e.g. severalspecies in 
tya, or with gastropods and ostracods in Poland. >^8 Sihrus 
purred m the clays of the Mitau ice-lakel« and Coregonni in the Fish 
Lake of i^nnigrad (sec p. iigi). The present uniformity of the fish fauna 
or the nvers of Europe between the Rhine and the Neva has been attributed 
to the interconnexions between the rivers as the ice withdrew.iw Fresh¬ 
water diatoms have been found in the Glen Roy terraces,thoiigh they may 
presumably be modem. b . j 

■ number of specimens have been gathered from lacustrine sediments 

in the Pleistocene lakes of North America 152 which, to judec from fossil 
evidence and from modern distributive patterns of aquatic forms,1 55 were 

stiells from Lake 

gassiz (this shallow lake, its shores far from the ice-face, was readily 
acccMi e to s^ics ascending from the Mississippi), freshwater shells from 
the Iroquois beach near Toronto,l 5 S ^vitli remains of mammals,e.g. 
mammoth elk, braver and musk-ox, and plants,!^^ and horns of elk and deer 
\ Freshwater shells have also been extracted from 

Chicago 15 ^ (with mammoth teeth), from the Algonquin 

/ivitVi ni Huron and elsew'hcre, from the Nipissing beaches 

(w ith plants) at various places, and from Lake Ojibway.i*^ 

of vanished glacier-lakes is provided by 
trenching main wateriiheds or projecting spurs 
defnTZL or escarpments, as well as by deserted cliffs, beaches, 

hv tifli mi^nal moraines. The water plane was controlled 

l^®i ™tershed and of the ice-barrier. It may be 

Swint ^ beaches and deltas (these, after 

to fasKfnn altitude of lakcs that were too ephemeral 

‘ cr terraces), from the intake of 

the outlet is a]lnu.wf \ ' water (when the small depth of water in 

five outim ,vm Drab^l''''" “ X 

® I'™ connexion with Pleistocene Elacier-lakes 

notably where hard rocks hindered downcuttinE. ^ 

the sde^M us^£i/*mode*^y^'^ the ice, through englacial fissures, or under 

channels lt '2 Wafers whirh fl.,... across the system of marginal 

pressure and erode mechaniralty an7bf 

b^aJ cTovAE%p<i hir ^ L i BassJ drainage may be by 

lifting of the glacier bv the bun!"^^ sediments or occasionally by the 

discharge XngSrsidVa! 

sWicr,, h,vc „« „,dV 
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drainage, which is usually short and of small volume^ h CTdiibited about 
modem glaciersj as in Alaska, The waters are either dear or greenish- 
yellow and turbid with glacier meal. 

The overflow channels, the spillways of North America (Scandinavia^^^: 
t^mndriiiinor^ stromrdnftor^ skt^alrannor, daljor or are unmistakable: 

they are indeed among the most impressive memorials of the Ice Age. Al¬ 
though possessing all features w^hich distinguish the work of streams, they 
are usudly streamless (hence often termed dry valleys) hut sometimes have 
disproportionately' small streams or rivulets—the River Spree is an example 
of an underfit stream. They are exca'^ated in rock or drift. Those in drift 
may present boulder-strewn surfaces or pavements,not very unlike De 
Geer^s boulder-channelswhere melting rills crossing moraines have 
removed the finer material. Such ravines are frequently veiy^ deep. ^Fhus 
the Grand Coul^e^'^^ of Columbia, U.S.A.^ a canyon 50 miles (80 km) long;, 
t-5 miles (c, 1*5-8 km) wide* and 800 ft (c. 240 m) dcep^ has involved the 
excat^tion, during Illinoian time, of 40 cu. miles {c, 166 cu+ km) of rock—this 
was formed by the headward retreat of a gigantic cataract, Soo—900 ft (144- 
^74 m) high and up to 5 mites (8 km) wide, formed by the overflow from a 
large lake ponded in the Columbia valley by an ice-lobe moving from Canada 
(cfl p, 240J. 

The channels have sharp edges at top and bottom. This lack of bevel¬ 
ling of the rims differentiates them from preglacial rejuvenation gorges, 
though glacial drainage may have utilised and modified the latter. The 
valleys are also typically flat bottomed and in their uniform cfoss-scctions 
resemblerail vvaycuttings(pL XVII Ia SrB, p. 465). Those which fall steeply are 
often straight and immature and show abandoned w^atcrfalls^ cataracts, plunge 
basins and pot-holes and in limestones even cavesWhen the gradient is 
gentle, they may have small tarns or marshes. They exhibit wide swinging 
curves which conform w^ith the actual banks of their accurately proportioned 
streams. Terraces testify to the cutting aw^ay of successive obstacles 

The intake, which has a very loiiv fall and is often marshy and peaty (" sw^amp 
col ”^^*), has frequently been scooped out by the swirl of convergent waters, 
so that the channel falls outwards at its mouth. This sometimes makes it 
difficult in short valleys to ascertain the direction of flow. I'he outward fall 
at the head has also been attributed to postglacial stream action or to reversal 
of river-flow, 

All gradations are found down to small and indefinite scounvaj^ of short¬ 
lived streams from transient lakes. Yet the channels are frequently capacious 
canyons, especially if the rocks were soft, the w^ithdrawal was brisk and the 
distance to an alternative escape was considerablep Their size w^as in keeping 
with the lakes they drained. In conjunction w-itb their striking situation on 
main watersheds, their sudden termination on valley sides, and their narrow’ 
mouths, it made interpretation diflicult: they have been regarded as local 
fractures or joint structures+l^ as relics of ancient water courses connected 
with river capture^®^ or superimposed drainage,^®^ as glacial grooves or as 
valleys notched by a glacial sea into a rising land.l^^ 

The precise course the overflow waters took depended upon the slope of 
the icc-free land and upon the ofientatjon of available routes, e.g. pre-existing 
valleys and cols. Four types are recognisable^^ (fig* 86): (a) direct channels 
across cols in a main divide such as the "col gullies” (Swed. ^adehkdror) in the 
Scandinavia divide—they went out of action when the ice withdrawing from 
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a watershed opened up lateral communicatiori$; {i) submarginal channels 
across spurs of tributary watersheds or loops in decp+ winding valleys 
(r) marginal channels following closely the edge of the icc and slanting in- 
consequently across the strongest line of fall; and (£#) lateral gutters leading 
from the ice astride a water parting and sometimes spreading " morainic fans ” 
dowTi the hillsidcs^®^—the gutters developed into direct overflow's where their 
streams on withdrawal of the ice tontinijed to cut back steadily through the 
crest, rhe absence or unexpected smallness of the cliannels in an olhenvise 
Complete se<]uence of overflow’s is probably due to drainage into the ice^ 

Marginal channeh* Margmal channels (Swed. skvalrannor) sometimes 
conveyed melt-W'aters from the ice itself, no^v in rock^ no\v in ioc* or bet^veen 
ice rock^ More (rcquently they were lake-tCHlakc channels joining lakes 
held up in valleys or embayments; they were often of considerable dimensions, 
often merely shifting channels clinging to the receding edge. They were 
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initiated occasionally as a line of pot-holes flanking a hillj®^ usually and 
^pecially on steep hillsides as a shelf or bench without an outer walL*®* 
his w‘as p^o^^ded by an ice-difF w^hich the glacier's motion renew-ed as fast 
^ A eroded: a line of morainic mounds may mark its position, 

shelf of this kind often begins as a cleanly washed though 

ou ers may bestrew the wall if it is made of till.^^ Further erosion incised 
e strram m the floor of the shelf and left a low ridge or marginal footing" 
a ong Its outer edgeThe hollow rapidly evolved into the typical walled 
ey or ^rginal channel. Since the ice-face controlled its course, this is 
usu independent of the present drainage and follow'?! the contours, though 
occasionally It coincides w ith rock-structure. Waters diverted around a lobe 
pressc against a hill cut a crescentic loop or "in-and-out channel”^ 
^ccasion y, ^ jn the l-indhom area in Scotland,the channel runs e?uictly 
along a crest that just separated two adjacent glaciers. 

argirid or submarginal channels are found in series in aligned or parallel 
quencd (fig. 86). Those in aligned sequence declined in the same 

simultaneously, their si^e depending upon the 

position Ax roughly 

a^^ge gradient of the edge w hich w'os of the order of 11130 or 4s ft/ 
Snt Channels in parallel sequence were originated as the 

uncov^od sucocJi.elflowL s^pcs. 
T he steadily expanding drainage area and Icngtlienine fee*front led to a 
«ptibk increase in the capacity of the channds in Igned sequence an^of 
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tlie lovv'er ones in parallel sequence. Contempqraneousljr, the many' lesser 
lakelets at widely differing levels became replaced by an ever-diminishing 
number of lakes which grew bigger and bigger. The records of water-action 
are fairly feeble down to the water-partings but left traces in shallow gullies, 
I-a m deep, in places anastomosing at acute angles. Such rills followed in 
successively lower positions the constantly shifting margin^ 

Because of their steep gradients, ample loads and frequent if short-lived 
floods, such channels were probably cut very quickly. "^This is in keeping 
with modem observations m Alaska ivhere a gorge 15 m wide and more 
than 7*5 m deep was cut into rock in 6 years. 

Deltas* Ov'erflow valleys at their embouchure into lakes are marked oc¬ 
casionally by cataract or plunge basins, more commonly, as in the modem 
glacier-lakes that fringe the Cornell Glacier,by deltas of water-worn 
dctrittis* These register accurately the level of the lake and the intake of the 
outlet channel, though the delta's head may be 50 m or more above and its 
distal end i m below this level. The delta is commensurate with the 
magnitude and duration of the overflow (they are consequently very big in 
I^ake Agassizand in the glacial Finger t^es of New^ York the material 

mainly consisting of rocks removed in excawting the valley together with 
pebbles of the regional drift. 

The upper surface is flat or gently sloping and sometimes pitted with 
kettle-holes, the sites of masses of inert or buried ice. "ITie outer face, with 
its cusps and re-entrants, is lobate and steep, the steepness being either 
original or due to waves or shore-currents (sometimes indicated by a sharp 
deflection of the delta as the lake fell. The structure is tripartite and the 
sands and gravels torrential, strongly current-bedded or evenly stratified widi 
clay's denoting quieter conditions. The foreset beds may have alternating 
sands and gravels and clays, possibly seasonal,The contortions, some¬ 
times seen, may be made by ice or by slumping following the drawing off of 
the water^“^; Swedish studies suggest that deltas of flnc-grained sand settled 
5%.^^ 

Deltas vary from mere spits or ridges deposited on one or other side of the 
overflow to accumulations tvhich completely clog the gUcier-lake. They are 
very sensitive to emergence arising from the downcutting of the outlet or its 
replacement by a lower one. Progressive emergence may replace the freely 
anastomosing streams by definite channels and build a series of new deltas, 
with their apices beyond the outer margin of the original structure and at 
points successively farther out. Deltas, as in I^e Agassjz,^^^ w^ere seldom 
constructed where normal land streams poured into a lake unless these were 
reinforced by melt-waters from local glaciers (pi. XIXa, facing p. 496). 

Beaches. Lake^t^rraces are associated w'ith modem glacicr-kkea^®^; a 
delicate terrace, in places beautifully developed, is traceable around the 
Merjelen See^^ and another one aroimd GiaenaJdn, VatnajokulJ.^^ Those 
of the smaller or narrower Pleistocene lakes, whose levels fluctuated and fell^ 
are generally faint, rare and impersistent; hard rock formed the shores ; the 
fetch of the weaves was small; the controlling icc-bordcr channels were mostly 
weak and shifting; and later soil movements may have effaced them. Higher 
inscriptions are particularly elusive^ The frozen condition of the lakes during 
the glacial winters hampered beach development, as did the lake-ice which 
even in summer covered their bays and branches. 
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Some of the Swedish nunatak lakes have terraces and Norway 209 has 
celebrat^ strandlines in Cudbrandsdal and in the Munte\‘ejcne in Tryail 
Lapland’s beaches supply cxceUcnt reindeer pasturage. The vast glacier- 
lakes of No^ America, which were suited to mnd and wave action, have the 
most prominent examples; their wave-cut terraces and stretches of rolled 
shuigle cxt£!iid for hundreds of miles i^ith only nt occBsional 

For lat-e-terraccs of good definition. an abundance of beach-forming 
^terial and a sufficiently permanent lake-level were necessary. Stability was 
induced by a favourable topography which presented no alternative outlet 
durmg a prolonged and slow retreat* by a hard and resistant rock at the 
outlet and a long overflow that w^as only slowly worn down^^^ or, as in places 
in east Greenland^ by evaporation in a dry local climate (Heinsheimer, i954)< 
Hic sources of the beach were debris rafted by ice-floes and shore-ice ■ arrested 
talus w^hed out by rains and melting snow's from the bare ground above the 
water-line; and detritus eroded by waves2 which were most active on abrupt 
slopes or on larger lakes which were parallel with the prevailing wind. I’he 
beach w^as apt to be particularly broad w^hen inflowing streams built out their 
deltaic fans. 

notch drumlinSj fluvioglacial material and solid rock* especially 
if this IS horkiontally bedded or w'ell jointed. Those in rock (Nonv. 
^rgseterfinlandseter^^^'f associated with stacks, caves and undercut cliffs. 
In tjlh they are accompanied by boulder accumulations^ stranded by floating 
i^cc or left behind when waves washed the drift. In North America, they 
orm ventable boulder-pavements a few hundred yards or even half a mile 
(c. Boo m) broad. 2 i^ 

The irrcgijlar contours of the shore added spitSi hooks and bars^^^ from 
which the direction of the wind and currents may be gauged. Wind-driven 
lloes and expanding lake-ice occasionally created lake-ramparts.^J® Some¬ 
times sand-dune^ lie behind the beach of a big Uke, e.g. in North America^]? 
a^d especially near deltas, though the time was usually too brief to pennlt 
their construction. 

The terraces, which have been mistaken for those of rivers,^^^ but unlike 
. 1^^. successive stages in the lowering of the 

^ *1219 probably by stoping in the bed of the outlet 

ne^ or by ^temations of dry and moist climates.Tides were 
negligible even m the vast glacier-lakes of North Americ^,^i The hollows, 

, L run down the fronts of large terraces, have 

Sxt;e;.d'2» -f “ 

Scandinavia (excepting west JamtlandJ, 
tertaws and deltas »c dike weU above the levels of the outlet cols.223 This 

attnb ited-^ to the wcurmnee qn the col of drift ice, dead ice. inland ice or 
. ^ beaches in extraekeial Jakes 
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^gles varying bet ween 12'and 30“ and sweep roun d the shoulders of the hiJls 
into recesses and tributaries with remarkable horizontality and para]Iclism. Iti 
Glen Roy, where they are magnificently dispkyed(pl. XXA,p.497), their heights 
of 1149 ft, 1065 ft and £56 ft (330,324*5 and 261 m) correspond with three cols, 
the one into Glen Spey, as first ascertained by T* D. lewder and confirmed 
by DiU^vin, the second or middle one into Glen Glaster, as D. M. Home 227 
first discovei^d, and the lowest at the head of Loch Laggan, as Lawder pointed 
out. The highest col had the smalJcst river, the lowest col the largest outflow. 



Fig. 87* — Map of the PfiraHcJ Roads of C.^<Khat>f r, Scotland. Gtcl. Surc^, ** Grampkn 

HighlancU'^ 1935, p, 75, fig 21, 

The successive interpretatioiis of the beaches reflect the progress of glacial 
geology. Regarded by imaginative HighJauders as the hunting roads of 
Fingal and the heroes of kis age or 33 aqueducts for irrigation, they were later 
deemed to be the flood marks of a violent deluge^ caused by an earthquake 
or a subsidence in the Atlantic. Darwin,^ who fmd recently returned from 
South America and its evidence of recent uplift (see p, 1325)1 considered them 
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to be ancient sea-beaches^ II is view (subsequently recanted 2^) received the 
a^ent of but is untenable since the beaches are neither widely 

distributed nor best developed where most exposed, nda fact was noticed 
as early as 1817 by MaeCnlloch^^ tvho recognised that the beaches indi¬ 
cated a lake which, as the outcome of a local cause, thrice suddenly subsided. 

1 he local cause w^aa the subject of later speculations: these regarded the 
beaches as river-terraces as terrace-moraines fringing a valley gbder,-^^ 
or as $hores of a lake resting upon ice^ or imprisoned by a detrital dam 
1300 ft (r. 360 m) high.^^ 

The modem theory of a glacier-Iatc m the three glens w-as sketched by- 
Agassiz and worked out in detail by T. F, Jamieson Glaciers froni 
Glen Arkaig and Glen Eil converged upon Glen Spean (as the content of the 
Lochaber moraines proves), and aided by ice from Ben Nevis, ponded the 
drainage in lakes w'hich spilled over by the several eols^ The streams 
deposited their deltas where they entered the lower lakes, as in Glen Turrit 
at the outflow from Glen Gloy into Glen Roy and in Rough Bum at the over¬ 
flow from Glen Glastcr into Glen Spean, Agassiz's theory has been generally 
adoptedsince the beaches and cols coincide in altitude and the former 
terminate abruptly at points opposite each other towards the mouths of the 
glens w'here moraines, skirting the hills, intersect their courses. 

J. C. Wilson^'^^ traced the later histoiy and recognised a number of lower 
lakes, one at 4^0 ft (128 m), held by ice spanning the Spean at Ti vandrish {the 
Avaters overflowed by the col at the south-west comer of I^h Lianachan) and 
a loviW one at 300 ft (90 m) w’^hich extended for 5 miles (8 km) from Brack- 
letter to Torr-an-Eas and escaped south-west of Spean Bridge, The moraine 
stretching from the Cluncston slopes^ w'est of Brackletter, represents a subse¬ 
quent stage. 


Similar strandlincs at levels of 474, 277 and 183 -5 ft (144-5, ^ 4*5 
have been more wently mapped about Loch Tulla on Raiuioch Muir 

Ice^margin deposits^ Stream-borne detritus^ swxpt into a lake from an 
ice-edge pardally submerged, was built up in a series of laterally confluent 
deltas, rheir fiat tops, 1-^ m bclowr the lake-level at the distal eitd,^^ are 
less hummocky than aubaerial moraine. The steep, fronul sIopes,^+* lobate 
or crenulate in plan, have deep re-entrant angles and protruding cusps* 
Such sand-plainSj^-*^ subaqueous fans,^**^ ice-contact deltas or marginal 
terrac^ though generally absent, have been frequently 

described, ^ especially from lateglacial Fennoscandia^^® including the 
Salpausselk^ of Finland p, 1172)' Penck^^ has suggested SalpausselkS 
os a genenc name for these accumulations (pL XLXb, facing p. 496}. 

rheir material, which has a tripartite structure and becomes increasingly 
fine lakew^ds, is finer than that of a subaerial moraine. At the back of the 
p am are the backset beds which owing to the slow melting of the ice are only 
one-fortieth or one fiftieth as extensive as the foreset beds. They are accom¬ 
panied by icc-contacl slopes and keltle-holcs and contain boulders and coarse 
‘ ^ ice-edp may be traceable only by a line of plentiful 

boulders 2 S 2 The mesa-Lke deltas built uut into the lakes may be connected 
With a feeding c«ker on the iceward side. 


are 


Floor deposits. In stnkmg contrast to the shore features which 
^Idom well marked, the floor dep^its have usually a considerable extent and 
thickness, they may completely fill the ^'ater-bodies .253 As seen in modem 
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and Pleistocene glacier-lakes they consistof silts and clays (Swed. issjolera', 
Dan. is^&ler, Fladbakkiter) which represent the impalpable milk, like that 
which to-day digeolotirs glacfa] lakes in the Yukon district over a dist^ce of 
30 miles {c. 50 km.)p2^^ and the finer materials transported from the ice-free 
slopes above tlie lakes or removed in cutting the overflow valleysp^ These 
muds are purest in the centre of the lakes where tlieir countless laminae^ the 
book-leaf clays (Get. Bander ton), arc greatly persistent, regular exceed¬ 
ingly thin, up to 200 laminae occupying l in. (c 25 mm)* Fheir surface is 
shiny when cut vertically with a knife and displays alternate ribands of lighter 
and darker hue. The fineness varied xvith the seasonal or periodic rise and fall 
in the volume of the streams^ Laterally, they pass imperceptibly into the 
distal parts of the beaches and ice-margin deposits and become increasingly 
sandy; sands and clays may indeed take their place on the floor.^ Changes of 
sedimentation were apt to occur in lakes which discharged intermittently 
through crevasses and had shallow and deep episodes. 

The ultimate destination of much of the mud was the sea; thus the Gennan 
Ursttomtaiet carried much silt into the North Sca.^* 

Ice-railed erratics. In deep lakes, like those the Greenland Eskimos 
call itutialik, i,e. “provided with icebergsoccasional boulders are rafted 
out by small bergs from the ice-facK and by shore-ice, ^58 as in Merjelen See, 
the lakes held up by the Cornell Glacier, or in numerous Pleistocene glacier- 
lak^^^ where stones were sometimes floated beyond the limits of glaciation. 
The “haystacks” or iaxum3 scattered over the floor of Lake Leyerctt (s^ 
p, 479-) were ice-rafted boulders*^^ While the erratics may he irregularly 
scattered over the floor or be embedded in its sediments, they are apt to 
centrate at the entrance to the outlet i their maximum altitude fixes mughly 
the lake-IeveL2^2 Jn some sections of lake^warps the erratics dimm^h up¬ 
wards, suggesting that floating ice became less common as the ice shrank back. 

Drift-ice, by grounding, distorted the laminae and by melting made small 
pits r iceberg hollows It sometimes left its load as ‘ nests of 

erratics2^ or as till-like deposits lying upon or between the lake-sediments/®^ 
Oscillatory marguis. A positive oscillation during 3 general recesrive 
phase mav modify the various feature$ associated with marginal lakes The 
ice may override and block lower channels or deepen older ones aiul make new 
ox bows and higher channels, 33 in modem Alaska. 2 ^ It may uJute and 
bifurcate channels in an apparently inconsequent manner, or bury^ th^m as 
in present-day Alaskaor Pleistocene Scotland/^* It may deposit till or 
moraines upon them, especially near their mouths or u^n beaches or lake- 
muds 2 « and incorporate ot contort some of The rising watere may 

cause a higher beach to succeed a lower one. m « Uke P^c ,‘^May 
down lake-silts on earlier sand and gravel beachts,2^2 or sandwich a thick 
layer of sand and gravel between two horizons of fine lacustrine silt, aa m 
'* Lake PickeringYorkshire, . ^ ■ 

Crumpled, veined and faulted lake-deposits though often denoting an 
advance, may also tesuk from grounding bergs, from meltuig buried ice, from 
flow-distortion of bedded mobile mud set in motion intermittently towards 
temporarily opened crevasses, or from landslides m deeply entrenched claja 
which sometimes injected sands into adjacent clays. n ^ connexion 
it is necessary to bear in mind that all drift was ongmally ^turated with 
water and that mud-flows and slides before drying must have been common, 
30—Q*E* 1 
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Glacier oscillations were generally dimadc but sometimes, as has been sug¬ 
gested for certain advances in Baffin Land and Fennoscandia^ were 
governed by a lowering of a lake: by putting an end to calving, the ice 
ad\‘anced over lake muds in the calving area. 

(b) Dj^irj^utton of Fieistocme Glacier-lakes 

Early phases. Melt-waters were probably active during the various 
advances and recessions of the ice-sheets preceding the last and were pent 
up in glacier-lakeswhich rose during the advancing hemicycle in ascending 
order as the icc sealed low^er outlets. The evidence of these events has been 
mostly obliterated within the terrain covered by the later ice: the beaches were 
a ready prey to ice-erosion^ overflow channels were blocked with drift and 
floor-silts tvere overridden and incorporated in later boulder-clays. Outside 
these areaSp it has been concealed under later ouuvash. 

Buried overflow channels have been discovered in the Finger Lakes 
regionand in the Ohio and Erie basins-^® and Jake-silts beneadi drifts in 
several North American localities.^^ Wave-cut terraces of ice-dammed 
lakes underlie Wisconsin drift,^nd spilhvaya, vigorously ice-eroded and 
veneered with till or ehoked with various kinds of drift, are found in Washing¬ 
ton and Ne\v England.Early glacial co! gullies may occur in Tome 
Tr^k and Lapland.^^ Lakes were impounded by lllinoian ice in 
Pennsylvania and Illinois on the older drift^^ and for a short time in lo^va 
(Iowa and Cedar valleys) on the Illinoian driftby the displacement of the 
Mississippi (“Lake Calvin"*). A vast proglacial lake existed in Kentucky 
and West Virginia in pre-Illinoian time and lake-sediments of Nebraskan age 
ate knowTi from Ohio and West Virginia.^ss Anomalies in the through 
valleys of south-east Ohio indicate multiple cycles of Pleistocene cut and fill.^®^ 

A lake-history as complex as that of lateglacial time marked the advance 
and recession of the pre-Wisconsin ice in the region of the Great Lakes (see 
P- ^35 0 ^ outlets of the retreat were not necessarily those of the lake 

occupying the same basin during the advance: ice may have low^ered the rim 
or may have raised it by deposition 

An early glacio-lacustrine phase, with marginal channels, existed on the 
great plains of Canada^®—Lake Agassi:^ had an interglaeial predecessor^^^— 
and in north Germany and the eountr^^ south of the Baltic^^ viz; in the 
^^eMr area during the Elster glaciation and west of this during the Saale 
glaciation; boulders were rafted out into extraglacisl lakes during the ad- 
^'ancc.^^ The Lauenburg Clay has been, attributed to a glacier-lake^^ and 
the Dnieper and Don lobes in Russia found a svatem of marginal stream- 
channels belonging to the third glaciation.^^ the Alpine glaciation has 
yielded other instances of early glacier-Iakeg.^ 

\ et this fragmentary evidence docs no more than hint at such constrained 
drainage during earlier phases* It may indeed be that the conditions during 
the advance and during the retreat djflfered essentially^ the climate being pcr-^ 
sistently dr>^ until after the withdrawd began.^SS Thus the sands and gm^^ls 
mterbedded with the boulder-clays of East xAjiglia arc associated with the 
^derlymg rather than with ihc overlying boulder-clays* However tliat may 

i-f renewed belong in general to the closing phases of 

the Glacial period (see cl^. XLll, XLIII), 

Circiiiiibaltic region. The glacier-lakes w'hich margined the Scandi- 
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navian. ice in a gradualJy contracting ring drained %\'estwards over Poland and 
Germany to the North Sea; southwards (with their erratics) into Boheniia,^« 
the Danube and Black Sea; by the upjwr Vistula into the Dnieperwhich 
carried the waters from 1000 km of ice-edge and 600,000 sq. km of icc- 
surface; by the other rivers of central Russia into the Caspian Sea»*; and 
northwards across Russia into the WTiite Sea and Arctic Ocean. Fhc drain- 
age, therefore, was centrifugal in the central strip and maiginal or peripheral 
in the west and north. 

Maximum glaciation saw' glacier-lakes where the Scandinavian ice impinged 
upon the northern ^anks of the German ^littelgcbirgc. The most %vesterlvp 
which had floor deposits, rafted erratics and spillways, lay in the Meuse and 
Rhine while the ice stood at ICrefeld; it only disappeared when the ice fell 
back east of the Ijssd. The ice crossed the Rhine, pressed against the Rhine- 
Main totacc^ (see p. 1043,), and floated its Scandinavian erratics south¬ 
wards,™ Big erratics, patches of till and disturbed beds are found south¬ 
west of the river^01; a frontal moraine {= Rehhurg stage) runs between 
Nijmegen :md KrefeldM^ (see p. 711); and the terraces in the Rhine and 
Meuse are interconnected through several depressions^ (Omtnioirjiialftt) as 
by Gennep and the River Niers (== Middle Terrace). Similar lakes drowned 
the valleys of the northern slopes of the German Mittelgtbirge 304 (their clays 
rest on the “preglada]" terraces), and the Carpathians of Galicia^oS: the lake 
in the Muldc was 30 km long and that In the Elbe extended beyond Prague.™ 
The Saale ice ponded the Weser and diverted the drainage through the Porta- 
Osnabruck valley.™ These lakes were impounded by both the Elstcr and 
the ice-3he<its*^s 

Later lakes are bound up with the north German Untramialer (fig. S8) to 
which Hoffmann directed attention in the first quarter of the last century. 
L. V, Buch and fl, Girard™ added to the knowledge of the valleys, Gira^ 
recognising three of them, I'hcse big, peripheral valleys are cut into the 
Geest (see p. 442) and were occupied during the recession by powerful rivers, 
swollen with the normal drainage from the ice-free csountiy on the south and 
with melt-waters from the melting of many cubic kilometres of ice on the 
north and the precipitation from Soo,ooo sq. km (see below). The most im¬ 
portant are: (i) The Breslau-Magdeburg valley (of K. Keilhack) which extends 
wptwards from the Pilica along the Oder south of the Flaming (Warthe) 
Line (sec p, 943) and continues eastwards with corresponding moraines into 
the area of C^nstochau^lO—it included the Bober, Queis, Neisse, Spree, 
Black Lister, Elbe, Ohre, Aller and lower Weser; (2) the GIogau-Baruth 
valley (of E. Geinitz) which skirts the northern edge 0/ the Fliming, south 
of the Br^denburg line, and continues eastwards into Poland ill and 
westwards into the Warsaw-Berlin valley^^^it carried off at the Branden¬ 
burg stage c. 30,000 cu. m/sec (size of the River Niger and about 40 times the 
volume of the present Elbe) and in the warmest month r. 41,000 cu. m/sec 
(size of Ganges-Brahmaputra), derived from the meldng ice-sheet to the north 
and the drainage from the rivers to the south from the Elbe to the Vistula and 
the Bug and Memd and Minsk in the cast, and during the retreat probablv 
10 times this volume; (3) the Warsaw-Berlin valley (of G. Bcrendt) which 
runs from the Bug and Narew and along the Vistula to the Oder, Spree and 
Elbe in front of the Frankfurt stage—it continued into the drainage system 
e^t of the Baltic^iL (4) The Thom-Ebcrswald valley, traceable from the 
Vistula at Thom along the Netze and Warthe to the Oder and by the southern 
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f<Mt of the Mecklenburg Seenplatu and the EberswaJde Pfoite to the Elbe 
(thought to be a contemporary’ of the Fomeranian stage,^^'* earlier than 
end-moraiJiB 313 two different valley svstemaJJ* or not an Urstrom- 
ffl/317); ( 5 ) ^ Pomeraman vall^,318 of'the Baltic Ridge, interpreted 

by U Finckh and O* Schncsdcr^is ^ valleys eroded in succession 

^ the i« shrank northwards. 'Hie last of the lakes lay in the Haffs e,g. 
in the Kiel and Liibeck area, 321 in the Stettin Half,322 in Danaig Bay,323 the 
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lower ^^ 15 ^ 13,^24 at Konigsjberg^^ (with lake-warps or Deckton), and the Bay 
of Riga.^^s Overflow streams may have cut the Danish straits (sec p. 1290), 
The rmjor Urstr<>mtahr converged upon the Elbe since the ke fell back 
more rapidly from east to w'est,^^^ It is, howe^^er^ uncertain whether the Elbe 
drainage was also deflected westwards along the Bode^ Use and Oker valleys 
into the Weser; for while some believe this^^^s others maintain that the 
valleys are at the wrong height or lack the characteristic shape.^^^ A Hunte- 
Leda Urstromiai beuveen the lower Weser and the low^er Ems has been 
conjectured,^^ 

These waters escaped into a lake in the southern part of the North Sea (see 
p. 1230) and entered the ocean south of Land’s End by the " English Channel 
River'" (see p, 1231) whose volume fluctuated with the season and was of 
gigantic proportions: it carried the precipitation from the ice-free country in 
c^t England and west Europe (e.g. Thames, Meuse, Rltine, Elbe, Oder, 
Vistula) and melt-waters from thousands of kilometres of ice-edge. 

This interpretation of the Urstromiat^ has been widely accepted i they 
skirt moraines^ have discordant distributaries and continuous terraces, and 
possess outwash cones built out by streams from the north and deltas laid 
down by rivers from the south. Oscillations, masses of dead ice^ cones and 
deltas deposited by lateral streams and considerable dunes explain why the 
valleys do not fall continuously from east to west^^^ (see p. 506). Subse¬ 
quent earth-movemerits may also have played a part.^^^ 

Yet this view^^ though almost certainly true for the southermost (Glogau- 
Baruth) valley, is by no means unanimously held. The valleys, it is said+ are 
preglacial or interglacial and bear no relation to moraines or melt- 
w^aters^^*^ or to streams coursing simultaneously along their whole length, 
ITtcy T,vere excavated by an extensive system of ramifying subglacial 
streamsor^ if used by glacial melt-waters, coincide with pre-existing 
tectonic valleys(this is stoutly contested^) as bores and their parallelism 
with Hercynian fol-^ suggest. 

In the opinion of most German geologists, each valley is older than the one 
immediately to the north—the southernmost one is the oldest—and m.arks a 
definite recessional st^e when the ice halted along the whole line of the ridge 
to the itorth* But this view admittedly encounters difficulties. There is* in 
the first place, the problem of the DuTfhbrtdcftialer or how' exactly the drain¬ 
age broke through northwards, e.g. the break of the Oder through the 
Brandenburg stage at Neusalz, the fVankfurt stage at Frankfurt and the 
Pomeranian stage near Posen, and of the Vistula through the Frankfurt stage 
near Plock and the Pomeranian stage near Neuenburg. It may have been 
accomplished by tilting^ due to the Littorina subsidence or Baltic sub¬ 
sidence^^; by streams \%'hich worked back southtvards or sawed their w^ay 
through the watersheds from the ice-edge or flow'ed along this as the ice 
fell back, beginning possibly subglacially^; or by subglacial streams which 
drained northwards along pre-existing valleys kept open as tunnels by warmer 
W'aiters from the south(the temperature of the waters and their tendency 
to choke their beds with detritus render this unlikely). Cones of debris 
suggest that the streams flowed outwards from the ice*^ Finallyj the 
are regarded as cither younger^^ or older than the Rmnemeen^ 
Many facts requiring sifting and co-ordination give an indistinct picture of 
the glacially constrained drainage of Russia. A. G. Hdgbomj for example, 

suggested that several ill-defined glacier-lakes existed in central Russia during 
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maximum glacktipn benveen the UraJ ice and the Scandin^ivtan ice in the 
region of the Wischem River; the big valleys ca^rrying canalsT between the 
Volga and Ladoga, the Volga and Onega, and the Dwina and Roma, are 
probably spillways. There were later lakes in the Ffncga, Dw'Lna and ^"i^tula, 
the latter draining w^estwards into the north German system, the others south- 
w-arda into the Caspian Sea. Lakea with banded clays lay in the upper and 
lower Vistula, as about Sandomierz, Pulawy and Warsaw, and in the Bug, and 

were connected by a system of Vrsirorntdl^ (Pol. Fradaliny) in west Poland. 
pother lake occupied the upper Dnieper spillways fell northw^arda 
into a lake about Nijni Novgorod.Other lakes and channels have been 
found in the PrSpel hlarshcs,^^ in the Warthe vallcy»^^^ in Lithuania,east 
of the Balticand about Grodno.^'* North-ivest Russia has its quota, 
including a Ladoga-Ontga I^ake. 3 *<> The Dwina was ponded and diverted 
through a Lin^a glacier-lake into the Arctic Ocean. Vaileys opening west¬ 
wards in the Rola Peninsula have lake-terraces up to 400 tn.^^ 

Extragiacial lakes in east Jutland and Denmark drained northwards along 
the edge of the ice one of the most important atood near Stenatrup, 
Fynr^^ 

Lak^s on the wings. In Holland,the falling back of the ice allowed 
the rivers to move northwestwards in stages: the Rhine followed first the 
Niers valley^ then broke through by El ten and Nijmegen (after retreat behind 
the Veiuwe) and finally divided into the Ijssel and Lower Rhine, a bifurcation 
that was changed only in historic time. 

In Asia the northern ice, as T* Belt^^ anticipated, imprisoned the northerly 
^wjng rivers, though how' they overflowed is at present unknown. G. J- 
Tanfiljcw (1502) and J, A. Moltshanoff (1926) inferred the existence of a vast 
glacier-lake stretching from Lake Baikal to tlie Caspian Sea and from the 
Ural Mountains to the Yenisei and Ob. Draining into the Aralo-Caspian 
Sea (5^ p, n^i) by the Turgai depression, it may have conveyed the relict 
fauna into l,ake Baikal (see p. 1417). 

t ^trandlincs of the Scandinavian ice-lakes w^ere noticed 

j Chambers, B. M. Keilhau and many others; later geologists 

related the beaches to the passes and spillways. The lakes have now' been 
mapped in Finland (including the Carelia^i Peninsula), north Norway,^*^ 
Sareks region,Jamtland^^o and south SwedenB, E. Hidden ^^2 has 
given a comprehensive account of them. The general distiibutiori of the 
glacier-lakes m Baltoscandia b given in fig. zfeS, p, 1289. Three stages, not 
strictly contcmi^raneous, may be distinguished 373 ; (1) nunatak 
a esj held up along the sides (especially south) of the nunalaks; (2) lakes, 
up to 110 km long, ^75 impounded by eccentric ice (see p. 668) in the big 
vidleyseast of the mam Sc^dmavian divide; and (3) drainage, now marginal, 
novv submar^nd, along the slopes of the Swedish valleys into the Gulf of 
^thma (Bothnian stage 376 ) or with an Afttippmng under the ice, such sub- 
gbcial streams being partly responsible for the present valleys,^77 for some 
of the osar cast of the keshtd .378 and for the giant v-anes in Jamtland.^^ 
rhe dir^ overflows of stage a crossed the cols into Norway. They are now 
indicated by p^ses. '' ashed free of moraines, e.g. Bardodal, north-west end of 
Tome Trask, Hunda) on the Ofoten raihray, and Brudsldjan, west of Storlien, 
^d by deep narrevv canyons wi^ dry or “dead” falls (d^a fylf) on the 
Norwegian side, their matenal filling the rock-basins and building deltas at 
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the level of the then sea^®® (fluviDglacial and early glacial erosion have been 
held responsible for the cob^®J). 

Lakt-s also existed in the south Swedish uplands and east of the water¬ 
shed in south Norwaythe ice docsed the outlets to Qslofjord and diverted 
the drainage into Guldal^ Drlvdal and Romsdal. 

Alpine glaciation^ Constrained glacier-drainage was generally rare in the 
region of the Alpine gladation for reasons already noticed (see p. 456). The 
best evidence^ often in the form of channels, has been obtained about 
^densee^^^'^ in the Danube basin between Sigmaringen and Biedlingenj^®^ 
in. the Inn, Ill and Etsch^®^—$ome of these led J, Brunhes to hk hypothesis 
of erosion of U-valleys by lateral streams (see p. 330)—die Bavarian Alps ,387 
west Sw^iizerland,^®® the flanks of the Jura Mountainsand near Lugano, 

Rest of the Old World. Although studies of the glacier-lakes and their 
histories figured largely in American glacial literature of the later part of the 
19th century^ the lakes of the British rslcs^ vrith the exception of the classic 
lakes of Lpchaber (see p* 462) and an occasional notice^ e,g. for the Lake 
District and the valleys of the Aire^^^ and Clyde^^^^ were neglected until 
Kendairs investigations in the Cleveland Hills 394 ^d Cheviot Hills. ^95 
These were the starting point of many British rcsearehea applying hfs methods 
(sec ch, X LI 1 1 ). G laci e r~lakes of Pie istocene age elsewhere in the Old Wor] d 
have been detected in Iceland,^ the Himalayasand in New- Zealand 398 
w'here they w'ere up to 17 miles (r. 28 km) long and have varv^es registering 
13,680 years. 

North America. Beaches^ the most striking feature of the North Ameri¬ 
can glacier-lakes, attracted geological attention in the iS4Qs^99_the associated 
sand-bars, off-shore bars* clays and sands w-ere noticed a decade ktec.-^w 
The early work on the beaches revealed two schools of thought. The 
first* represented by LyeII-*o> and subsequently by J. W. Speticer^^ and 
R+ Chambers,^^^ regarded them as marine. The second, championed by 
J. S. Newberry,^ attributed them to ice-dammed lakes, a vietv after^vards 
strongly emphasisedand proved by the discovery' of the outlets and fresh¬ 
water shells (see p. 45^)^ ^ third hypothesis, linking the lakes tvith land 

barriers erected by differential tilting, nev'cr w'on more than occasional 
approval^ (pL XX B, facing p, 497), 

It is now agreed that a series of gigantic freshwater lakes w'as situated 
be^veen the ^utliem margin of the Laurentide ice and the St. Lawrence- 
Mississippi divide over a front of more than 1000 miles (c. 1600 km). The 
beaches are related to outlet channels (first demonstrated by Cilbert^^ in 
1871), both being associated with moraines delineating the ice-front as 
Leverett^s established for I^ke Warren in Ohio and New York and 
Taylor'**^ f^j- Michigan. In general, the beaches end abruptly or gradually 
on the north and east at the ice-margin of the time, but extend farther and 
farther north as the stmndlines become low^er with the recession of the 
barrier. I he exceptional burial of strand lines by lake-floor deposits proves 
temporarj' re-expansions of the ice and the closing of earlier and lower outlets. 

Systematic exploration dates from 1887 when Spencer"***^ began his in- 
vesdj^tions. Many workers have gathered the material which, summarised 
by Gilbert'*^ * in 1890, enables us to appreciate the extent and aucoession of the 
lakes. 1 hey lay in five regions; (i) the Great Lakes region; (2) Lake Agassiz 
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in the Red River basin; {3) th<; Hudson Bay drainagic In north Ontario; (4) the 
western CordUlera j and (5) about the southern ice-centres. 

Great Lakes region^ Numerous lakes, bewilderingly complex in their 
history and nomenclature and initiated in the Cary substage of the Wisconsin 



y *9° _ 

Pig. 89.—EiRht st«s«« ii» Ihc h^Gry of iht glider-lika of tho Laurentian baim. 
R. A, Daly, 3JS, p. (5^, 


glaciation (see p*97e)). existed in the region of the Great Lakes (fig. 89), Their 
history, which was controtled by the ice-reccssion, by crustal warping and by 
erosion of the outlet channels, has become more and more complex with 
increasmg knowledges the discovery of numerous short-^lived phases, and the 
recognition of recurrent readvanoes,*!^ such as that suggested by cores from 
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the deeper parts of Lake Michigan which prove a low-water stage believed 
to be post-Algonquin and pre-NipIssing, Only the principa] episodes can 
here be mentioned {cf. table facing p. 478). 

Extra-limital lakes were held up at the maximum of the last glaciation, e.g. 
in the Driftless Area of Minnesota*^^^ in Wisconsin (Lake Wisconsin 
covered nearly aooo sq. miles; 5000 sq. km) and in south-east Ohio and 
adjacent parts of Pennsylvania, West Virginia lUid Kentucky where abandoned 
valley remnants attest extensive drainage changes about the periphery of the 
continental glaciation.^During the earlier phase of the withdrawal, the 
Laurentide ice shrank back up the slopes leading from the Mississippi and 
within the limits of the Great Lakes basin, the ponded w^aters escaping in 
numerous places across the rims. As the ice receded, the waters grew and 
united along the retreating edge. ITius crescentic lakes occupied the extreme 
ends of three of the great basinsthey were Lake Duluth” at the western 
extremity of Lake Superior (Lake Duluth had smaller precursors in the St- 
I^uis and other valleys along the ice-edgeAvhich drained first by the St. 
CroLv river into the blississippi—erosion of this outlet lowered the lake 
through several levels marked by separate strandlines—and later into the 
Michigan basin (Lake Chicago) by cliannels skirting the eastern flanks of the 
Huron Mountains® Lake Chicago 'V the southern end of Lake Michigan, 
which had three distinct strandlines and drained by the ** Chicago Outlet 
a valley in drift, c. 21 m deep, 3-5 miles (c, 5“® broad, and 300 mites 
(4S0 km) long, that carried the overflow across the col near Chicago into the 
Des Plaines^ Illinois and Mississippi rivers—Lake Chicago originated as a 
string of lakelets at the edge of the ice W'hen the inner slope of the Valparaiso 
moraine began to be laid bare and ceased when the uncovering of the penin^ 
sula between the Huron and Michigan basins allowed the lake to merge into 
Lake Algonquin (see below); and “ I.ake Maumeeat the western end of 
Lake Erie, which has two strand lines and carried the waters from the Eric 
and Huron lobes from Pennsylvania to the base of the Thumb of Michigan; 
it discharged over the divide at Fort Wajue into the Wabash River across 
Indiana and later (after a withdrawal of the ice down the Thumb) by the 
Imlay Outlet ^dtbe^‘ Grand River” (J. H. Breta, 1951)intoLake Chicago". 
“ r^ake Passaic in New Jersey and the lakes in Connecticutand 
Massachusettswere probably their contemporaries. 

The Grand River and later channels farther north in the Thumb of 
Michigan near Ubly ceased to function as spillways during the drop to Lake 
Wayne levels and w hen the 'Fwo Creeks Forest Bed ($ee p. 972) was formed 
(= Bowrnanville stage) and before the Calumet beach in Lake Chicago was 
built, ^he readvance that follow'ed and closed the Lake Mayne outlet 
caused the glacial lakes to retuni to their former levels and the Chicago Outlet 
to come into use once more. 

“ Lake Whittlesey a later stage of Lake Maumee but separated from 
it by the low-level " Lake Arkona”'*^^ (that marked the end of the Caiy' sub- 
stage), discharged by the Ubly channel into a “ Lake Saginaw” in Saginaw 
Bay. The two lakes aJtcnvards coalesced and drained into Lake Chicago 
across the 'Ihumb of Michigan by the Grand River and successive outlets.^^ 
Lake Whittlesey^ w^hich expanded northwards and westwards with the re¬ 
cession, became" Lake Warren after a low-ievel Lake Wayne'" slage,^^® 
whose beach is much smoothed and reduced by later submergence and whose 
outlet was by a plexus of channels south of Syracuse to the Mohawk and 
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Eludson. Lake Warren, after mingling with Lake Michigan and uncovering 
the tvaten>hcd between it and the lake in the western end of Lake Superior 
(“Western Lake Superior blended into one vast sheet which discharged 
through the Grand River outlet into Lake Chicago. Leverett’s maps^^ 
show the position and extent of lakes Maumee, \\‘hittle8ey and Warren, 
Contemporaries of Lake Whittlesey were probably the glacier-lakes, up to 
65 miles (104 km) long, in the Adirondacks,^^* and those in the Finger Lakes 
regionwhich drained through magnificent spillways southwards into the 
Susquehanna, Mohawk and Hudson, westwards into the Mississippi drain¬ 
age, and north of the Adirondacks north-eastu'ards into Lake Champlain, the 
Hudson and St. LawTence. A complicated series of changes was passed 
through before a down or more of these separate lakes, each confined to its 
own valley, united to make “ Lake Newberry” at c, 900 ft (r. 275 m), which 
overflowed southwards from the head of Seneca Lake valley to the Susque¬ 
hanna, then “L^c Hall”, which drained westwards to Lake W^arren in the 
Erie basin, then Lake Vanuxem w'hich was tributary past Syracuse to the 
Mohawk,"*^5 ' 


Further recession resolved Lake Warren into three lakes: "Lake Algon¬ 
quin which drowned much of the Superior, Michigan and Huron basins; 

Lake Eric in the Erie basin; and " Lake Iroquois ” in the Ontario basin. 
Lake Algonquin, up to c. 425 m deep, was the biggest of all the Laurcntian 
glacier-lakes: it covered the three upper lakes and much land on the north 
and east. Its well-defined beach, traced by Spencer and Taylor^«_other 
beaches occur at lower levels—is Eke those of the other big lakes well 
known except on the north where the waters met the waning ice and the 
wun^’ is lately forested and Ill-equipped with roads—in a general way, the 
Canadian Pacific Railway, situated upon its sands and gravels (see p. 501), 
marks its limit on that side. I ts 0ve rflow w as at its earliest stage (Algonquin T, 
wmen the lake covered southern Lake Huron.) by Port Huron and the Chicago 
(Algonquin II) into L^c Iroquois by the " Algonquin 
^\er or kirkfield Outlet”, a deep and wide channel across Ontario 
(t^ IS cut to below the present level of I,akc Ontario at Trenton^39\ A 
differential isostatic uplift of the northern part of the basin (see ch XLV) or 
a rradvance of the ice raised the lake's level so that it once more spilled over 
I»th at the St, Clair River and Chicago outlcts-HO (Mgonquin 111 ); for a time 
there w^ a t«o-outlrt phase when the "Algonquin beach" or the high^t 
Algonquin beach was forroed and the land was still canted to the south. This 
stage term mated not by tilting but by lowering as the retreating ice uncovered 
a succession of lowjer between Georgian Bnv and Lake Ontario 

basin (Algonquin IV). The lower water-planes (Wvebridge, Penctang, 
Cedar Point and Payette) rorrespond to temporary halts'in a declining lake. 

Uke Iroquois, the best knov^m and the first of the lakes to be defined, 
probably begw about the same time as Lake Algonquiu^J but failed to 
8ur%-ivc this lakc.«-» CKcr 300 m deep, it existed for about 8000 years(its 
shore, which is missing owr ^out 70 miles (f. 110 km) on the north-east 
where the ice-barner stood, js about as mature as that of the present Lake 
Onuno) and sent its surplus waters by Rome into the Mohawk and Hudson^’ 
-thereby lowering the gorge at Lixth Falls and building up the broad delta 
in the Hud^ \ JJcy« 9 -and later by the North Bay Outlet. It subse¬ 
quently sank e. M m into the short-lived " Lake Frontenac(marked bv 
varves and beaches) and later into " Admi ralty Lake ” (see below*) 
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The loe in the Ontario b^^in, in melting back from the Niagara escarpment^ 
fonned during one of ip stages a " Lake Lundy” (Lakes " Dana'* and Daw¬ 
son ” in New "Y ork) which was succeeded by Lake Iroquois when the Niagara 
cuesta was left above the waters. I'hus Lake Erie became a separate body, 
discharging by the Niagara River„ and Niagara Falls came Into being (see 

Crustal \varping and a withdrawal of tlie ice from the lower St, l^awrence 
opened a direct outlet to the east and an escape at North Bay^ Ontario, by the 
Mattawa yalley .450 The Nipissing Lakes,^^^ outlined by the extremely 
sharp Nipissing beach, now occupied the basins of Superior^ Michigan and 
Huron ^ the waters stood at the same level and covered the present rapids of 
Sauk Ste Marie to a depth of 15 m (over a width of 8 miles or c, 13 km) and 
the Strait of Mackinac to about the same depth,^^^ 

The Nipissing Lakes were ” postglacial ” and independent of ice-barriers. 
They were slightly bigger than the present lakes since their beach (which is 
unconfortnable with the earlier beachesis usually less than i mile 
(r. 1-5 km) from the water's edge of to-day. 'Fhey were fed In tlie early 
waters from the receding ice, later by overflow's from " Lake 
Ojibw^ay” (see below). During the earlier phases, the three upper lakes 
drained by the "North Bay Outlet" along the Mattaw'a River and over 
the site of Ottawa into the Ottawa Sea and St. LawTCttce valley (sec 
p. 1309). For most of the time there was a two-ou tlet phase w^hen the drain¬ 
age also escaped by the St. Clair-Detroit River outlet to Lake Erie. At the 
close of the period, when progressive uplift in the north diverted the dis¬ 
charge from the North Bay outlet to Port Huron and via Niagara into Lake 
Ontario, the three great lakes much resembled in outline their modem suc¬ 
cessors. When the ke withdretv from the Thousand Isles, the Ontario basin 
was occupied not by the sea (as formerly thought) but by a freshwater 
Admiralty Lake'^'^ which received the effluent of Lake Algonquin: the 
sea then stood much lowerp 

J. FL has suggested that poor lake-beaches w ere formed in periods 

of general dov^Ti-cutting of outlets due to retreats w'hen much water was 
released and cubic miles of ice melted, and good beaches m periods of 
advance Avhen the volume of water decreased and an armour of boulders shod 
the outlets. 

Lake Agassis^ The most extensive of all the North American extra- 
glacial lakes was " Lake Agassiz ”, a close correlative of Lake Algonquin 
its length was 600—”oo miles (r^ km)^ its breadth zoo^z^q miJes 

(c. 320-400 km), and its area 110,000 sq. miles (r. 285,000 sq, km)-*^^ or that 
of the exisring Great I^akes combined^ About 200 m deep above the level 
of Lake Winnipeg, and of a duration estimated at 1000 or 10,000 to 15,000 
years,^^® it occupied the basin of the Red River and the upper Assiniboine, 
covering much of Alinnesotaj north-east Dakota, Saskatchewan, Manitoba 
and Ontario (fig. 90) with its rich alluvial deposits, the wbeattands of to-day — 
Lake Winnipeg and some smaller lakes, e.g. lakes Cedar, Winnipegosis, 
^lanitoba and Lake of the W'oods, nestle in hollow's on its floor. I'he lake 
persisted until the ice-front which then trended about north-^outh had with¬ 
drawn east of the middle course of the Nelson River. 

A lake on this site was postulated as early as 1S23 by W, FL Keating and 
aftenvards by several geologists, but it remained to W, H. WinchelH^^ to 
show that it was ice-dammed. For our present knowledge we are indebted 
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to Upham*^ and his successors,including the Canadian geologists who 
have traced its northern extent. 

When the ice shrank from the parting between the Red River and the 
Mississippip several small lakes, e.g. lakes Minnesota^ Saskatchewan^ Sotnis 
and Dakota, came into existence ^^—independent takes, with melt-w’ater 
channels, lay in Alberta south of Edmonton and drained across the conti¬ 
nental divide between the Arctic and Gulf drainage into the Missouri,***^ 



River lobe of the M^kato ic^ =md probably 
joined into a larger sheet, G. K, 
between the high ground on the south 
and west (the Manitoba escaipment) and the Keewatin and Labradorean i«- 
sh^ united in the lower course of the Nelson and Churchill rivers.^^ 

gladcr-lakcs in the Peace 
a Athabasca n\ere, drained by successive outlets; the first, the " River 

















LAKE AGASSIZ 


477 

Warren" (discovert'd m i 863 by Warrenwas directed across the conti¬ 
nental divide at Fort Shelling by the Minnesota valley^ its original altitude 
being 1055 ft (f. jao m) on the Minnesota-South Dakota boundary— it 
excavated a rocky valley, up to 4 miles {c. 6-j km) wide and 300 ft (c. 90 m) 
deep, and left traceable effects for hundreds of miles farther downstream; the 
second vias into the Laurentlait glacier-lakes and so into the Mississippi, 
Mohawk and Hudson rivers, and later by the Mattawa River to the St. 
Lawrence; and lastly, a succession of outlets in north-west Ontario and north 
and north-east of the Patricia highland into Hudson Bay, their courses not yet 
fully explored but operating possibly 10,000 years ago .^7 fhe lake grew as 
the Keewatin ice melted northwards and the Patrician and Labradorean ice 
withdrew eastwards; it finally burst catastrophically along the junction of the 
two ice-sheets'**® (pi. XMIIb, facing p. 465). 

Upham traced 16 of the strandlines, including the highest or Herman beach 
at 1065 ft (c, 325 m), which were accumulated before the River VVarren outlet 
was abandoned, and 11 of later date, together with banded seasonal clays, up 
to 15 m thick,and deltas of enormous extent, up to 80 miles (c. 130 km) 
from back to front, w'hich the ice built out from its edge during its retreat 
from the Assiniboine and other vallcj's.'*^*^ 

W, A. Johnston,'*'^ ^ who states that there are 50 beaches, has confirmed 
J- Tyjell's suggestion that Lake Agassiz had a second phase, " Later Lake 
Agassiz” or Lake Agassiz II, when the Patrician and Keewatin ice, foliowing 
a partial withdrawal, blocked the northerly drainage: the advance is proved 
by the continuity of the highest strandlines which extend for i5Ci miles 
(c. 400 km), and by a conspicuous unconformity in the lake-sediments. 
Johnston also states that Lake Agassiz began c. 23,000 vears ago; that it 3 
highest levels were of the same age as those of I.ake Algonquin (Ignacc in 
Ontario and Fort William on Lake Superior are nearly on the same tsobase); 
and that at the time of the southern outlets, Lake Agassiz was 155-138 m 
higher than Lake Algonquin and at least 6 q m higher than Lake Duluth. 
Soil mechanics data have recently indicated a vtry short period of surface 
drj'ing and 3 very temporary disappearance of I^ke Agassiz not previously 

reported.’*'?^ 

Keewatin ice, when most extensive, held up broad, shallow lakes against 
the foothills of the Rockies as is indicated by successions of terraiCfts, e.g, above 
Calgary. A still larger lake lay farther north in the Mackenzie valleymd 
others in the Peace River at r. 2000 {c. boo m) and in the Athabasca- 

Great Slave Lake region at e. 1600 ft (c. 488 m); the Bear, Great Slave 
and Athabasca lakes are lined with ancient shores up to hundreds of feet 
above the present levels. 

Lake Ojibway. "Lake Ojibwaythe last of the large lakes and the 
most variable and short-lived of those in Ontario, was like Lake Agassiz 
blocked in areas now tributary to Hudson Bay (fig. 91 }, Named by A. P. 
Coleman'*'^ after the local Indian tribe, it originated north of the Hudson 
Bay-St. Lawrence divide directly north of Lake Huron, and emptied itself 
for a time into the Nipissing lakes and later into the Champlain Sea. It 
began north of the w'atershed as small lakes or bays at e, 360 m detached from 
Lake Algonquin with the continued retreat of the ice and uplift of the land. 
Filing by several stages as its marginal terraces record,‘*7* it became merged 
with a Lake Barlow'*'^® tvhich filled the Timiskaming valley and had its 
Outlet along tlie gorge of the Ottawa River. Widening steadily as the ice 
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withdrew northwards and the level fell, this Lake Ojibvvay^Barlow in¬ 
undated an area larger than Lake Superior and covering at least 50,000 sq. 
miles (f. 130^000 between die yGtb and SSth meridians^ the var^'es 

forming the “^clay belt” of north Ontario and north Quebec (and locally con- 



Fiy. pf Glacial Lakt Ojibwiy, Glibcrt Gulf (Chajinplaiii Sea} md Nipkfilng Great 

f „ ' fr«hwater, small dotsj Gilbert Gulf, short dsahM. A. La R^ue, 

U. 6. B. 1949, p. 2. 


tuning fossil fish) and extending to the north-east 100 miles (r. 160 km) cast 
of Bell Ri^-r+^i Its area and level fluctuated as the oscillating edge receded 
— Antevs^- rec^nises three advances, one of at least 70 miles (c. 115 kmH 
but apparently finally disappeared rather suddenly when the ice stood in 
Quebec a Iiule north of the line of the transcontinental railway. The waters 
now began to flow to James Ray across the rapidly thinning ice^^^ or escaped 
^und the ice-front to the sea near the mouths of Hayes or Nelson rivers.^*^ 
he middle stage of Lake Barlow may have been synchronous with the final 
dramap and disappcs^ancc of Lako Agassia^aS; l,ake Ojibway-Barlow may 
for a short Umc have (wen me^ed viith Lake Agassiz«6; a link between the 
two lakes la suggested by certain fish distributions/S’ 

Very little is kno^%m about the dissolution of the ice north of the Great 
Lakes. T here were, however, several glacier-lakes (of Mankato age) in the 
^on of James South Dakota, a Lake Souris Lake 

Dakota in North Dakota-**? (Lake Soum drained first into the Missouri 
River, l«er into James River ^d Lake Agassiz) and in the Hudson Bay drain¬ 
age mSa^tchewan and .Albem and North-west Territories,including 
Lake Repna which discharged mto Lake Souris and later. Like this lake, be- 
came confluent with Lake Agassiz. Beaches, but little studied, are common 
around the Athabasca ^d Bear Lakes and north-west of Hudson Bay^i 
where they occur up to 800 ft (c, 244 m), ^ 

yniform level, up to 15^0 m A.S.L. 
and associated ivith delicately stratified mite Silts, hare long been known 
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to be widely distributed in the Cordilleran ^'alleys- The silts arc es:posed in 
banks up to 400 ft (f. 120 m) high, have a finCj uniform texture and are 
horizont^ly stratified. G. M, Dawson,^®^ their discoverer^ regarded them 
as marine. But the increasing coarseness along the margins where they pa$a 
into sands, their occasional Unw shells^ and their coincidence with cols show' 
that they were made by glacicr-Iakcs^^^ as Upham'^^'^ anticipated, though 
R. F. Flint"^^^ related them to stagnant glaciers occupying the valley bottoms. 
The White Silts are fresh felspatliic rock-flour derived by gUci^ grinding 
from the felspar of granite lntrusiork$H 

Glacier-lakes^ associated with local glaciers^ existed in the region of the 
Yellowstone CanyonThe Scabiand had several glacier-lakesincluding 
Lake Leverett which covered about 5000 sq. nii]e$ (r. 13,000 sq* km) and wa$ 
about 1^50 ft (f* 380 m) deep within the Columbia Canyon, 

Glstcio-marine Deposits 

Glacio-marine sediments are laid down ver>' rapidly if ice or its stream$ 
transport matena] into the sea"*^S^the delta in Seal Bay in front of the 
Hidden Glacier of Alaska advanced r, 490 m between 1S99 and 1910 at a 
maximum rate of r* 69 m/annum,"*^ They differ from glacio-lacustrine 
deposits because wave-work is more pow'erful, flocculation prevents varves 
from formings and tides cause a constantly fluctuating sca-leveL Although 
the muds are deposited within a few kilometres of the entrance of the 
streams,^® ^ [q Spitsbergen or Alaska,^ and give rise to the orer (plural) w'hich 
appear in many Norwegian place-names (see p, 505), they may be so vast 
that they fill the whole fjord, as in Norway where they form the Fjordmjdle, 
and in Iceland^®*^the strand north of Katla has in historic time been pushed 
back 2 km and the Kerlingarfjord of the Vikings is now' entirely replaced by 
a sand plain. 'Fhey build flat„ sandy or clayey expanses at the heads of ice- 
fjords in Greenlandand their higher parts are passable only in shallow' 
boats, A stretch of 50 km may be partially laid dry' - these are the isortoq or 
**clay fjords j\jj stages of infilling are recognisable ; they range from 

fjords in Avhich the clay covers the bottom to others where rivers meander 
either in innumerable braided courses across a naked flat, the Greenlanders* 
mtrssaJt,^^ or* following an uplift, betw'een a flight of terraces of variable 
width or in canyons indsed in the plaiiu^^ 

Ross Sea has a carpet of stiff yellow clay, rock-flour milled by glaciers on 
South Victoria Land,^^ 

Extensive deltas have been described from the mouths of modem glacier- 
streams in the Arctic and from Pleistocene shore-lines in Fennoscandia^'^ 
and Maine,^*^ The huge amount of detritus furnished hy the melt-w'aters 
of tlie Glacial period has helped to build the Mississippi delta, though fluvio- 
glacial deposits of coarse texture are scanty in the lower reaches of the river, 

In general however such deltas were confined to protected bays or to openings 
between masses of stagnant ice.^ *^ 

Glacio-marine sediment contains little life except at the shcire,*^^ 
deeper waters they form pell-mell gravels and clays, with no further sorting 
or abrasion, while at shallow depths the gravel, sand and silt grade from coarse 
to fine as the off-shore depth increases. In Baffin BaVp the deposita are 
apparently coarser than in the Greenland fjords,^!^ In exposed localities, as 
before the Malaspina Glacier, wbenc waves, tides and currents are active and 
supremep the deposits are marine rather than glacial. 
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It IB difficult in an uplifted accumukdon of gtacis)-marine sedlmentii to fix 
precbcly iU former intersection with the water-surface. It probably coin¬ 
cided with the lower limit of cobbles and gravel;, the subaqueous layers being 
finer and more uniform and containing some mud. The difficult>^ is en¬ 
hanced if residua] ice in an estuarj^ pcmiitled the plain to grow above sca¬ 
le veL^^^ 

Ice standing with its front in the sea does not build definite moraineSp since 
currents or bergs transport its materia] and its floating continuation responds 
readily to oscillations.^is The frontal deposit is smooth and level and much 
weaker topographically than the corresponding land accuinulation. Its 
structure is generally deltaic^ the beds grading into thinner and finer sedi¬ 
ments and inter Laminating with marine days containing possibly marine 
shells. Such frontal accumulationSp often noticed about modem polar 
glacierSp^^* comprise most of the Finnish and Nonvegian marginal deposits 
of lateglacial date, laid do^m in the then sea. 

ITic deltas have steep ice-contact proximal faces and distal frontal slopes 
(fig+ 92), 'rheir texture and structure differ from the marginal deposits that 



Fig. oa.—Diagtarnimitc sfcticm thrau^li n Buvkifltadiil mariiw ddtiir M, Siuraino, 

p. 9 . fi*r I- 


were originally laid dov^tk on land and later submergedp e.g. the [lom's Reef 
of the North Sea which is the retreat moraine of a penultimate glaciation of 
Denmarkp^^^ or those sometime^ discovered on the bottom of the aouthem 
Balticor off the Alaskan coast or that rise as islands or submerged banks 
and shoals in the fjords of Greenlandp^^O in James Bay.^Ji off the coast of 
Maine^^ (these are probably submerged cuestas^^) or possibly on the 
continental shelf of west Scotlandor west Norway (see p. 1172). 
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Chapter XXIV 


GLACIAL EFFECT ON SCENERY 


Generals Thf? Pleistocene period has liad au economic value in providing 
supplier of water and of building and other materials^ including rich auriferous 
and other metalliferous placers. It has initiated lakes and waterfaiis for 
powers transformed the soil$ (see p. 359)* controlled agriculture and in- 
fluenced modem culture, communications and settlements, lire ice has left 
its stamp upon the relief, has enriched the world by the addition of alpine 
scenerj', and has compHcatcd the geomorphological problems no less than 
those of the distribution of organisms^ 

The major features in glaciated regions reflect the preglacial configuration 
in alt essentials. The broad distinction between hill and valley had already 
been asserted, mountains and lands had their present values in altitude, mass 
and general slope. Ice in other words did not originate so much as modify* 
WTiere it overflowed a country, it rounded and softened the outlines, ground 
off the inequalities and subdued any ruggedness. It sensibly lowered the 
lulls, freshened and steepened the scarps^ and carried away their talus; it 
broadened and deepened the valleys that ran parallel with its flow and spread 
the detritus o%'cr the lower ground. The general shedding of waste from the 
colder higher surfaces to the warmer levels of the valley floors has been of 
great human benefit, eg. in the AndesJ 

In the aggregate, ice (and water wxirking under conditions impoged by it) 
has left an important legacy and exerted a not inconsiderable scenic and 
cultural influence. In erosional centres its modifications were frequently 
profound (see chs. XI!-XV), h heightened the topographical contrasts, 
sharpened peaks, narrowed divides to aretes, lowered cols to comfortable 
passes, deepened valleys, converting them in places of great ice-coneentration 
into through valleys, and imparted a wild and savage scenery. It multiplied 
the number of waterfalls, creating those where the waters plunge over the 
walb of cirques or U-valleys, saw their w-ay across rock-barriers, or run 
through glacial epigenetic gorges or rapids, the kaiki of Finland. The great 
development of water-power is an Important legacy of the Glacial period. 

Ice often inlensified the influence of rock-structure, especially if, a$ in the 
Laurentian Highlands,2 this w as diverse or if igneous and sedimentary rocks 
w^crc in contacL 


In semes of deposition, glaciation has aJmost entirely controlled the 
detailed relief and drainage. It has evened up the surface, buried or removed 
minor featm^, and filled in old valleys in varying degrees according to their 
relation to ihe ice-flow. Even where, as in supramarine Finland, Wy 
of the area IS occupied by fluvioglacial material, this has exercised a dbpro^ 
portionate influen^^j the clays and sands in their separate distributions hnve 
even influenced the distribution of the different types of plough Over ex- 
tensive as in the plains of Cheshire, East Anglia and north Germany 

> r'drift, is unable 
(o assert itself. New surfaces have been built up. with new drainage system® 
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and new divides which sometimes pay scant regard to the ancient patterns. 
These contrast with the central areas in which the outcrop of bare rock has 
been much enlarged and glacial aocumulationa seldonri conceal earlier features. 
Much of Canada has been scoured dean of its weathered debris so that fresh 
rock has been exposed for effective prospecting and mming. 

The drifts have also influenced the vegetation. For example, in the British 
Isles ^ the sands and graveb bear heath or corr^ponding woodland, the non- 
calcareous boulder-days oak wood, and the chalky boulder-clay ash-oakwood. 


Flo. i>3.—Sefl^flo«T iboot England and Wales incarpormtcd as dry bind by daposicion of drift 

G. W+ Lamplugli^ pL 


'rhe ice made its own type of coast^ and by its erosion and submergence 
provided numerous harbours* It added to the coastal belt by depositing 
and converting the sea-floor into dry land. In England and Wales, over 
sq, miles (13,000 sq* km) or one-eleventh of die country was gifted in 
way® (fig- 93)* Were the drifts removed^ the sea would spread inland 
from the present coasts of Northumberland and Durham^ especially in the 
valleys of the Tyne and Tecs, It would flow up the Vale of Pickering as far 
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as Maiton and attain, its old short-line where chalk cliffs swept w^esl of liolder- 
ness as a bold curv'e from Bridlington to Hessle and continued south of the 
Humber, The Vale of York w’ould be submerged as far as Boroughbridge+ 
the Vale of Trent to the Lincolnshire Wolds^ and the River Witham to 
I-incoln: north-east Lincolnshire would be an island. The Fens w'ould be 
hollowed out into a big bay and roughly half of Norfolk and Suffolk would be 
inundated.^ The Vale of Clwyd as far aa Ruthin and the Dee nearly to the 
entrance to the \ aJe of Llangollen would constitute arms of a sea w^hich woLild 
also Hood the w-cslem strip of the Lake District^ and sw^eep in a great bay over 
the plain of Chrahire and north LaneaBhire, l^he northern plain of the Isle 
of w'ould disappear^ and the Camarv'on Peninsula Avould break up into 
a chain of islands. 


The sea would enter the valleys south-east of the Balticand submerge 
vast areas in north Germany*^ (fig. 94) as far as the line where the base of the 
drift rating on an uneven surface is at present below' sea-level. 

Pleisto«oc stony moraines in the .^Ips and mountainous regions, ** hillocks 
dropped in Nature’s careless haste build conical heaps, highly irregular in 
profile and in marked contrast with the smooth, evxn slopes or boulder- 
strewn plains. The finer material is covered with grass, the coarser with 
heather, broom or gorse. The young end-moraines form ""the end-moraine 
lan^cape' passage moramigue^^y Their single or multiple ridges are 
variously shaped, with wa\y topography and numerous lakes. They are 
e 3 rtremely broad (in the Inn 10 km*"*) and, where partially submerged, are 
dissected into islands and peninsulas, the Skier of south Sweden (see p. 494). 
A distinct ty[^ of this landscape is the Grundmoranefiiandsciia/t^^ (supporters 
of the englacial origin of boulder-cJay prefer the name moraine plain). 

Scenic details in regions of glacial accumulation are inherited from the 
Glacial period. The ice created a linear topography which is reflected in the 
striped appearance of the contoured map and the linear arrangement of ridges^ 
rnarshes,^ streams and lakes (Fin. See^isirassen) and of hays, promontories^ 
islands and sounds along the shores of lakes and seas, I'he parallelism of 

has given a striped topography to Fennoscandia 
k I he ice inscribed a similar topography east of the Baltic,on 

the floora of the gulfs of Finland and Bothnia^i^ and notably m Finland's 
where the shores and islands are parallel with the ice-direction and the in¬ 
habitants spi^k of travelling along the countr)'” {pitkittniaisin; Idtigslandet) 
or across the country" {pGikkimaisinx tvdrstandet) and even the tvpes of 
vegetation present a striped appearance. ^Fhe British Isles provide other 
camples, as about Coldstream and Wooler in Northumberland and in 
N^ensleyi^e m \orkshirc. A linear drumlinoid pattern marks large areas 
of north Canada (Bird* 1953). 

Some fluting springs from ice-moulding which tends to deepen and 
straighten the valleys which conform with its own direction. In parts of 
1 cw "iork Statej the has fluted the ground-moraine and softer rocks so 
strongly that the pnnapal lines of its divergent flow can be read from the 
topogmphyJ 9 Glacial and structural trends, if different, arc often super^ 
mposed: if equally strong and ttansverse, they build a peculiar checker-board 
topopaphy, as in Mount De^rt Island, Maine.^^ Arctic Canada often 
displays a similar hnear topography. 

Laies. Glaciation has profourdiy altered the drainage* The uncertainty 
and iminalurity it induced, well seen for instance in Finland where tlie 


LAKES 


4gi 



Fjo^ 04,—Ai:?a of fioTth GermAity afid ndjacfni Lajid^ who^ drift-rfloor |ie9 below sea-Ec%'eL 
Lower surfice of the drift at sea-lEvel (cire^e?) and at — 50 m (dctand dash). K. Bucrlctl 
er a/., Z+ {JL zj, i9J3i p+ 45, 5. 
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water-sheds are CKtremely irregular and indehnite, have called a myriad Jakes 
into existence. These lakes, v^ith their long armis and labyrinthine ramifica- 
tiona, have enhanced the beauty of the landscape, equal ised the flow of rivers, 
furnished water-power and influenced communicattonp e.g, for the lumbering 
industry. In Iowa too the canoes and keel-boats of the fur-traders from 
Canada to St. r.rOuis and Orleans moved without portage from the Upper 
Minnesota River and Red River into Blue Earth and Des Moines rivers.^ 

All classifications of lakesrecognise many types which result directly 
from glaciation. I'hesc may be classified as under: 

1. Lakes eroded by ice 

(fl) rochc moutonnee lakes (d) Zu^^ecken 

(A) cirque-lakes (e) Rittnetiseeri 

(r) valley rock-basins {/) evorsion lakes 

2. I^kcs made by glacial deposition 

(а) marginal moraine (frontal and lateral) lakes 

(б) kettle-hole lakes in osar, kame-moraines and pitted plains 
(c) ground-moraine lakes; interdrumlin lakes 

3. Ice-dammed lakes. 


Probably few lakes had a single origin; most sprang from tw'o or more 
actions which were simultaneous or successive* Transition t^^pes are common. 
The brief life of the vast majority of lakes is borne out by the very feeble 
degree of differentiation of their animal life. Only an insignificant number 
of lakes, including Lake Baikal (see p. 1417), Lake Tanganyika (see p* 1417), 
Lake Ochrida (see p, 1417)—unique in Europe—and lakes in Celebes and 
China {e,g. Lake Tali) are of any antiquity and contain a high percentage 
of endemic forms. 

f. ^blanc^^ and A, C. Ramsay^ w^ere the first to Jink the abundance of 
lakes in certain regions with glaciation. ^Vhe control, widely confirmed, 
has led to their being designated the "orographic fossilsof glacial geology. 
Lake-percentages have been computed as follows^^: Scotland 1-12 (Suther- 
Ismd Norway, 3 "^4 200,000 lakes and the four deepest in Europe, 

via. Nljfisa, Salavat net. Tinnsjoand liorninsdalvatn, with depths ranging from 
^3 5*4 Swit7^rland. 3^67^; north Europe, approximately 4^*; 

Sweden, 8 03, particularly south of Stockholm (''when God separated land 
from water He forgot Sodermanland which has 96,c™ Jakes Finland 
or Suomi^ the land of a thousand lakes*', which has the large percentage 
of 19 9 and probably a quarter of a million lakes. These arc specially 
plentiful on the pencpLiin of the Central Finnish Lake plateau which the 
baJpau^lkas bound on the south-east: they are part cause of the sharp de¬ 
marcation of the vegetation against Russia on the east.^ 

The peribaltic lake-zone includes the Baltic Lake-plateau (Gen Ba!thc}i€ 
^eenplaite) of Jutland, Schleswig-Holstein, MeekJenburg, Pomerania and 
La^ Prussia. It sweeps for over 1200 km round the southern shores of the 
Baltic within the Jutnian line of Woldstedt^S and widens eastwards. The 
^rcen^es of lakes^ are: Hannover, 14-6; Pomerania, 10-2; Schlcswdg- 
Hol^ein. 93; Mecklenburg. 9 2- Brandenburg, 8 7; figures in very striking 
contrast wi* the 2 2 of Saxony, 17 of Rhineland and o-i of Hessen-Nassau. 

A mapJ? showing the relation of the bigger Jakes of North America 
to glaciation brings out the same control (fig. 95}. For example, the 
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FjCi 95.— CTiicf iHkc-bB^ins of N'orth Amenca due t& gladitloa: thtwe oa. ihc c&ntinentid 
fhclf ixc ihadcdr F, P. Shepard, J. G. 45, p- 7Qi i» 
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Adirondacks, the American counterpart of the English I^e District, have 
2000 lakes and [wnds,^* and nearly 7% of Minnesota is occupied by lakes,^® 
North Canada, including l^abrador*s Lake Plateau, has a jumble of lakes 
that spill from one to the other through chance depressions of the surface*'^ 
About 6% of Canada consists of freshwater-lakes'*! v^hich are connected by 
sharply defined river-channels and waterfalls that lend themselves to easy 
development of water-power, c,g. the St, I^wrence drainage: in marked con¬ 
trast the Mississippi Hows through unglaciated territory and has not a single 
natural lake (apart from ox-bow lakes) along its whole course of 4000 miles 
(f. 6450 km). 

The glaciated coastal belt of west Greenland,"*2 excepting its basalt portion, 
is one of the richest lake-regions in the tvorld; I^ake Gieseckc, Its biggest lake, 
is 50 km long while the Steenstrup lakes on the Nt^gssuaq Peninsula are to¬ 
gether 70 km long. Lakes cover io-6% of Bear IslandThe partial 
drowning of such glacier plains gives a characteristic littoral'*^; these ate the 
s^ars of Sw'eden \%'hJch are also reproduced in ^'inland, west Ireland and 
Alaine. 

The lakes vary in shape with their origin. End-moraine lakes^ are usually 
small and elongated; the}' lie parallel with and between the ridges {Faltcn- 
seett^ lie between push moraines) and were liable to disappear by the action 
of lateglacial mell-watefs.'*^ Ground-moraine lakes,^* often roughly circular 
in plan (Ger. Be(ke»see»‘'\ are shallow' and gently sloped above and below' the 
wate rline. Their outline an d depth are irregular and complicated by shallo^vs, 
islands and bays; huvioglacial material during the retreat has sometimes filled 
them in. Drumlins have also clogged a once mature drainage; they arc 
interspersed with interdrumlin lakes which in shape are frequently the reverse 
of the drumlins, possessing a rocky and deeper shore at the proximal end and 
a shallow distal shore.^ 

Influence on stream courses, fee has often seriously deranged a 
country 's drainage apart from lakes. Minor streams are commonly go\'emed 
by the contours of the drift and are sometimes oblique to the general slope of 
the land. The rivers, often sw'ollen into elongated lakes,are prone to run 
parallel with drumlins (fig. 96) and osar or with lines of moraines,whether 
frontal or lateral. They are ^so apt to flow' from major or minor watersheds 
erected by glacial accumulation, as in Jutland(ivhere the watershed parts 
the valleys with mature forms in the west from you thful forms in the east), the 
Baltic Ridge and its continuation cast of the Baltic (it makes the divide^^ 
between the Baltic and the Ponto-Caspian drainage and between the Baltic 
and \\Tiite Sea), the parting between the Rhine and Danube in upper 
Swabia, and between the North Sea and the Mediterranean in the Sw'iss 
Plains*; the divides between the Valley Head moraines of the Cary' substage, 
south of the Finger Lakes, and the Ontario and Susquehanna drainage- 
basins ,57 between Uke Erie and the Ohio, and between the Missouri and 
Canadian drainage; and the w^teisheds in the north Siberian tundrasand 
southern Andes. 5 ^ 

The semicircular moraines around the Zungenbeckat have given rise to a 
peripheral drainage between the successive morainic ridges, e.g. the Arve of 
l^c Leman, Kander of Thunersee, Sill of Ziirieh See, Gurk of the 
Klagcnfurt basin, and Sarca of Lago di Garda. A radial and centripetal 
flow occurs towarife the inner basin, e.g. around Boden See,® making use of 
hollows between the moraines and drumlins and the axes of the Ztceigbechen. 


INFLV^^^QE ON STREAM COURSES 4^5 

Centripcta] drainage characterises the peripheral diffluence terrain on the ice- 
ward side of cols.^i 

While the coming and going of the ice-sheets ha%T made little difference 
where the flow of the ice and the natural drainage were in the same direction^ 
streams elsewhere have often been deflected into channels excavated by 
marginal waters*^: the Missouri shows many instances of such diversions by 
the Kansan and lllinoian icc (see beJow), Their anomalous courses are 
expressed by abrupt turns and striking detours, by abandoned valleys of 
normnl fonrip and by a disproportion between valleys and their occupying 
Streams. Rivers have often pieced together old and previously independent 



Fig. Striped npp^Attkfiix of druinlin field of Kuusinvdip FinSjuid; rultd Jir^as, peat boga : 
grej-, lakes. K. Virklula^ p. 57, liK- 1^. 


courses. Big rivers like the Vistula, Oder, Spree and Havel follow the north 
German Urslromtakr over parts of their course and are perniaiiently diverted 
westwards along the zig-zag paths. Fluvioglacial aggradation by alpine ice 
deflected the Danube in its upper w'aters.^^ The Thames was expelled from 
its more northerly course in ttvo stages of glacial diversion; the first %vas the 
work of a local Chiltem ice-cap, the second of tJie advance of the Great 
Eastern Glacier deploying from the Wash region (see pp. 7681997)^ North¬ 
east Yorkshire shows other diversions (fig. 97) and the main watershed 
has been considerably modified in central England*^ where virtually the 
whole of the Warwickshire Avon river system is of recent date. 

The Pleistocene \'icissitude5 of the Rhine and Meuse are not yet all knotvn. 
Nevertheless, moraines, outwash and subsidence turned the Rhine from its 
earlier way to the Zuider Zee^^ along the Ijssel and Gueldsehe Poorte from 
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above KJeve, and shifted the Meuse westwards about Maastricht.®* The 
two rivers suffered various changes during the Glacial period,*'? 

Three great North American rivers owe part of their situation to diversions 
around the ice. The Allegheny-Ohio represents the union of formerly 
distinct valleys**: ^is great access of headwaters has favoured the cutting 
power of the river in its lower reaches. The upper Missouri and its tribu¬ 
taries as far down as the WfTiite River in South l^akota appear prcglacially to 
have drained northwards into the Red River basin and Hudson Bay instead 
of to the Gulf of Mexico as to-day (see p. 286). 'The Keewatin ice, of 
Illinoian age, diverted the drainage through the Dakotas to the west over a 
stretch of j 55 miles (c. 250 km), the old valley being mostly deserted.*® The 
valley of the upper Mississippi was similarly repeatedly overspread by ice. 



Fig. tf/.—Ptoi and present ™Hey» 0/north-ea&t Yoritshint, J. A. Stoe«, , p. 466, fig. 101. 
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During each invasion, the valley was mutilated or obliterated and the river 
was pushed from its course to seek new channels,^'' 

The suggested postglacial age of the Yellowstone Canyon k apparently 
Without foundation, for there have been no radical changes of a permanent 
chafer since the Yellowstone drainage w as initiated.^! Equally untenable 
IS the sugg^uon that the Colorado River began about the beginning of the 
r eistt^ne. fi It is, however, possible that by erosion and deposition under 
Fluvial conditions the mtenor basins of the Niger, Nile, Zambesi and Hwang- 
ho were converted into oceanic drainage.^^ 

There Kaye been diversions by outwash and moraines,?^ particularly of 
tributaries dong the outer edge of lateral momines, and by terraces notably 

^ nf spQlways across cols 

( pseu B ), e.g. at the head of the Fingjer Lakes streams, where 
moraines have turned the waters southivards,^* 

The implex changes e^h glaciation wrought are to be seen in the dis- 

rare in the thin and unobtrusive drifts 
near the glacial hmits and of little account in mountainous areas (unless thick 













Plate XIX 



A. Delta of Paniiington River built into glacial Lake Farmington, 
Connecliciit [R, J, Lougee] 



II. Overvvash delta (ow iefl) of the Irish Sea ice in glacier Lake 
Fnnerdale,Lamplugh, Cumberland, with contact slope and 
kettle-hule in foreground 
[<r;eol. Surv. Gt. Britain : Crown copyright] 





Plate XX 



A, Paralkl Road?, Glen Roy, Inverness-^hireTi Scotlaiid 
[CeoL Sitrv, Ct, Britain : Crown copyright] 



w. Strandline of Lake Algnnqiiin, Waubaushene, Ontario 
[Creo!> Snr\\ Canada : Crown copyright] 
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drift in the main %alley iiaa displaced the tributariesis a very common 
heritage on plains, as. in Finlandp^^ south Bavaria and the Swiss PJain,^® 
or over much of Canada and the Arctic ArcbipelagOp®’^ or in those preglacial 
valleys and adjacent tracts which were buried under an extensive pall of drift. 
Rivers, developing by stages as the ice uncovered the land, automaticaJly 
resumed their flow' over their “false floors ”, folio wTng the lowest levels of the 
reconstructed surface. In most cases, the preglaclal and postglacial drainage 
lines tend to coincide, especially if the ice flowed along the major valleys and 
the postglacial streams followed sags above theniH The present occupants 
then combine ancient and modem erosion contours, hemmed in between 
bants of drift, sometimes touching the old valley at the bends as they swing 
across it. The case i$ difFerent if die relief is slight, as on the even paiaeic 
surface of Nor^vay (see p, 3+8J, if the preglacial valleys w^ere transverse to the 
ice-flow^ (see p. 323), or if the rivers flowed tow*ards the source of the ice, 
i.e. in general northw^ards in north-west Europe and North America, or are 
constricted as in many rejuvenated valleys, e.g. in the glint country^ east of 
the Baltic.®^ The rivers arc then apt to w'ander out of their ancient valleys 
or cross them diagonally, excavating gorges on one side or the other or touch¬ 
ing them at the elbows or turns: the earlier pattern may be wholly lo$t as in 
northern Ohio, Indiana and Illinois where even the general plan and direction 
of the preglaeial valley's are untnown .^3 S\ich diversion valleys have often 
been used for the sites of dams of reserv^oirs.®** 

Hence postglacial rivers often betray a lack of harmony benveen their parts. 
Open stretches over broad, drift-choked valleys alternate w^ith narrows roeky 
gorges, the valley shape changing rapidly or suddenly. The drift-free gorges 
arc almost alw-ays shallower than their clogged or half-buried predecessors 
and little if at all wider than the occupying streams: the shape and lack of 
any appreciable bevelling of the edges attest their newness. IVrraces in the 
expanses above the gorges register stages in the downcutting. 

Plugged valleys arc revealed by bores for economic purposes, as in coal¬ 
fields. The filling is glacial sand and gravclt silt or till: it constitutes the 
'^sand bars^\ “gravel faults** and “clay wash** of English miners and the 
^'sand and clay dykes of ScoUand. The gravels often form most prolific 
Sources of underground water, e.gr in lllinoisr^^ 

Epigenetic gorges are apt to occur, e.g. in New York State,** on one 
particular side of an andeni valley + This may be because that side was 
sunnier®^ or winds displaced the deltas and rivers in that direction*® or 
because deposition ivas more active in the lee of the ice ward wall and virtually 
absent at the impact side,*® e*g+ in preglaeial valleys athw’art the ice-flow* 
Two parallel streams may occupy an old valley in which the retreating ice 
left the drift with a convex surface.*®*^ Epigenetic gorges across preglaeial 
meander-cores were sometimes initiated by lateral glacier-streams.® 1 

Although the preglaeial drainage wnthin the limits of glaciation is but im¬ 
perfectly wrorked out^ countless examples of glacial epigenesis have been dis¬ 
covered. They are the rule rather dian the exception in the country of low 
relief of south Finlandand are found in Russia—the Volga is pieced together 
of stretches of several ages,®^ Diversions also occur in Switzerland®^—the 
finest is furnished by die infilled valley of tlie Rhine along the line Lingen- 
Thaingen-Waldshut and the Falls of Schaffhausen®^ (24 m high) which are 
cut Lrito the hard Jura Limestone and have raised the level of Boden See by 
30 m; in the British Isles, including the broad, drift-filled valley of the Team 
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Wash^ that falb from Durham to the Tyn^ at Dunston^ the Dee valley^^^ 
and examples in the Cleveland Hills (fig. 97). in the Lake District^® and in 
Treland^“*these embrace the diversion of the Bush from Bally castle to 
Bushmills, the LifFey from the Barrow to Dublin Bay and diversions in the 
Corrib and Ix>wer Erne. 

North America provides numerous instances^^^ — at least six manufacturing 
cities on the Mcrrimac alone owe their sites to water-power at such points.*®^ 
The waters of the upper Susquehanna and its tributaries originally passed 
through the Finger Lakes region into Ontario^ and the upper Allegheny, with 
the whole of the north-flowing drainage of the upper Ohio, has been turned 
southwards from the Erie by ponding and the silting up of the preglacial 
vaiiey.^02 'fhe drainage pattern in South Dakota been changed con¬ 
siderably it is shown in abandoned major valleys, in abrupt variations in 
the width of valleys, in anoitialous upland slopes and in former major divides. 
Each glacial epoch produced change in OhioJ^ The River Niagara i$ the 
classic example (see p, 1518) and Great Falls in Labrador provides the finest 
spectacle in North America 

In the long prcglacial cydes, the drainage in lowlands had gone far tow^ards 
finding rocks of weak resistance w^here option was allowed and in grading their 
courses where it was necessary^ to cross hard rocks. The features due to 
glacial derangement, e.g. lakes, swamps, falls and goi^es, affect the landscape 
to a degree disproportionate to the change in reliefi 

Diversions and captures resulted from the epiglacial tilting of the lands, as 
in Fennoscandial^ (see p. 1317), and from glacial erosion^ as by the sapping 
of the heads of valleys in New Zealand Transflue nee and diffluence (see 
P" 33 ^) have diisplaced the watersheds,e.g, on the Majola Pass, and have 
led to the capture of streams after the retreat by direct glacial low'cring of the 
pass or by lateglacial fluviatilc crosion,^^ This is particularly prone to 
happen if moraines or outwash lie across the earlier courses and diverted the 
streams across lowered colsJ 

Ctdtural influence. Some of the cultural influences arising from the 
Glacial period have already been noticed incidentally* A few^ others may now 
be briefly recorded. In some cases the ice has made communications easier. 
It has produced transfluence and diffluence cols (see p. 33a} w hich have, for 
example^ directed human intercourse in the Alps,^^^ since peoples have tended 
to expand outvyards over transfluence passes as the ice had done prcviously+^^* 
1 hus the glacis on the farther side, important for communications, has in¬ 
fluenced historical dc\'elopment, political and language distributions^ and has 
given rise to contested frontiers* I'hc long and straight Rimtens^en guide 
roads and railways in parts of north Germany, and the terraces of the Rhine 
nft-vallcy cariy' the main roads through the valley as they have done since 
Roman times. 

Abandoned marginal channels in Alaska offer an easy passage up a glacial 
valley for both mian and beast, and similar overflow valleys, with their re- 
markahly uniform grades, facilitate comnnunication by road, railway or canal 
in both Germany and North .Amerka.l Thus the north German Urstrom- 
tairr, whtch m the Middle Ages bore many towns on their flanks,^!^ later con¬ 
ducted railways between the Rhine and Vistula on their broad, flat floors 
(^eir gradientjs i:Soooil 5 ) canals, e.g. the Friedrich-William between 
the Oder bpree, the Plauesch between the Spree and the Havel and Elbe, 
and the Fmow, Ruppmer and Rhine canals linking the Oder with the Havel. 
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In North America the overflow valleys have facilitated boat traffic from 
Ottawa to Georgian Bay, from the St. Lawrence and Lake Ontario to the 
Hudson, from L^e Erie to the Waba5ih and Ohio, and from Lake Michigan 
to the Mississippi. 

In other cases, oommuniealion has been hindered.* Fore?tample» valley 
lakes sometimes leave little room for road or railway^ as in the middle reaches 
of Lago di Garda, Ascent from the main valley into the tributarj^ has often 
been made difficult: it may be made by flights of stone steps, by ^ig-s^ag paths 
or roads with hairpin bends, by ramps along the trough sides, or by wire ropes 
or helical tunnels. Access may also be had over cob from adjacent hanging 
valleys. 

The deepened valleys and newly created forms have modified, often 
seriously, the distribution of insolation and its effects on settlements.^^® 
While in Y-shaped valleys cultivation gradually ceases upwards, in U-shaped 
valley's cultivation and habitation are restricted to the valley floor, to terraces 
on the sides and to shoulders and the Sc/iUffbard above the trough.* The 
Schfiffgrenze is often the limit of cultivation, e.g. in the Oberalp or Ober 
Engadin .*20 Rock-terraces flanking the U-wJley's carry' homesteads, small 
har^ets and md-untaln railways, and the Schlifftord bears many huts of the 
Alpine clubs« The steeper parts of the shoulders^ often forested, grade into 
the flat, high mountain meadows of the Alps, the sites of detached com¬ 
munities, of farms and small villages where milk is made into cheese and 
where wetod carving and similar pursuits occupy the inhabitants during the 
winter months. Cor tie floors also are sometimes green meadows. 

Rock-barriers, baations or moraines, exposed to the sun and free from 
avalanches or floods, have provided numerous sites suited to defence, namely 
sanctuaries, ancient burgs or castles, and the fortresses of modem times.^^^ 
Barriers or steps with barrierSj which arc sometimes the sites for dams for 
reservoirs, as in the Rhine area,^^ may also form political boundaries'^ 
They tend to keep the communities above them isolated so that these develop 
their own characteristics, l^'* 

The drift is important for water-supplies, for agriculture and for construc¬ 
tional and other purposes (see p. 359). It has influenced the soils and 
scenery, the routes of roads, railways and canals, the sites of settlements and 
even the international boundary^ between Canada and the United States. 
The lighter and better drained soils of central and north-wtrstem Europe, such 
as loess, sand and gravel, were areas of settlement from neolithic times on- 
wards. Thus the loess in central Europe largely controlled the distribution 
of neolithic settlements(fig. 98), and in Denmark the early neolithic people 
preferred the hill-sand to the heath-sand where hard pan discouraged much 
Cultivation in early times. The contrasted drifts of east and west Denmark 

{see pp. 442, 494) have indeed caused differences in the relief, soiIs» flora and 
fauna, and in the crops and types of houses in the two regions^^^: the 
moraines of the eastern strip are intensively farmed; ancient roads meander 
through the countryside; and modem road$ involved many cuttings and 
filb. The density of villages and of population is greater than on the out- 
Vi ash of the west, and especially on tlic morainic clap. The choice of 
morainic deposits of the bakki-safid of Denmark for the Bron^ Age burrows 
is immediately apparentJ^ Roads and railway's often cross valley’s over 
moraines, as in ihe Yorkshire dales^^^ though in north Germany push 
moraines have jeopardised house? and railway s built upon them.^^^ 
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soo 

While moraines of stjorig expression, as in North America, whether inter- 
lobate or frontal, are favourable to forest typra* the loose^ djy sands, sandy 
loams or graveJs of the thicker parts of the outwash shectSi In which the 
ground-water h low, furnish light soils, a$ in the “ Barrens ” of Wisconsin, the 
heaths of the Alpine glaciation north of the German Alps,^^^ or tho^ of north 
Germany^ e.g, the Liinebutger Heide—the bare Baltic Ridge and its outvvash 
were for centuries the frontier between Poland and Pomerania.^ ^3 "phe 
sands may have drj' deciduous i.voods of oak and bitch, e,g. on the Lower 
Terrace of the north Alpine zone,^^ and pass into moors where the distal 
ends of the outwash thin and become finer Ln texture. Their even surfaces. 



Fig. gfl.—Cot^soiMEiDn of the low of contnl Europe by neoEthic Danuhiim pwants. 
JrC. !D, Ckric^ p, 96^ 45, 


contra^ng with the irregular relief of the moraines where the houses are 
isDlatcd, permit settlements to grow into hamlets or villages. The gently 
sloping floors have made it possible, for example, to irrigate parts of western 
North America with minimum expense.^^^ 

The Baltic Ridge has strongly influenced the distribution of population and 
apculturei^ and the distribution of beech in north-we$t Germany*!^^ Its 
abundant lakes dictated the strategy of the two battles of Tannenberg (1410, 
1914), 

Gsar embankments, which pass in long windings across vast tracts of 
country, are dso culturally important. Their intersections with w-ater- 
couraes controlled the distribution of early settlements, while thev have 
been used more recently for Indian trails in North Amcricai^^^ and for paths 
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and roads as about Uppsala and in ATw/^wr-Finland (J. G. Grano distingubhed 
this from jVff/wr-Finland) whose towns and villages nestle on their sunny 
sidea^^; they hav^c even influenced the type of dwelling. Their perfc^ 
drainage gives rise to springs and wells at the marked by rovi's of 

buildings (" dwelling rows")p smd causes them as in Finland to be covered 
with heaths of pine forest. They have provided road material and iidluenced 
railway routes in Scandinavia, 1^2 as the railway from I^ningrad to 

Helsinki and the towns on Finland's south coast run iong the Salpausselka 
ridge- 

Drumljns control road directions and the division of the land by hedges^ 
and ^use houses, either singly or in clusters, to perch upon their drier and 
sunnier sides.Erratics have been used in monuments^ both ancient and 
modem, and for building stones and road metal (see p. 362). 

The beaches of the great glacier-lakes of North America were used as trails 
by Red man and as highways or ridge roads'" through the forests by the 
early white settlers, subsequently as sites for cities, for graded tracks for rail- 
ways,^+* e,g. in Lake Warren and Lake Iroquois^ and on the C.P.R. along the 
north side of Lake Algonquin, tlie deltas often making excellent sites for 
stations and sidingsJ^^ Much of the pioneer settlement and travel was along 
the beaches, often several hundred feet w'lde, in the area of Lake Agassis, 

'1 he beaches have also become the sites of farms^ of summer houses and of 
villages. In North America, the beaches also gave well-drained ground for 
vine culture and fniit trees and seiv'ed as migration routes for many species of 
plants, including maritime plants (cf. pp. 619, 31^), The moraines and 
beaches of Lake Agassis; have served to site and aid the making of roads, 
and its Hoor deposits have provided the fertile soils of Manitoba and struc¬ 
tural^ materials for building and other construction. The floor deposits of 
pluvial lakes, e.g. Lake Bonneville, have given artesian aquifers. 

^Fhe coastal deposits of the Ancylus Lake and the Littorina Seai+ as in Got¬ 
land, are used for roads and settlements,^^ and those of the lategiacial sub¬ 
mergence in North America provide sites for villages and roads as w^ell as 
much of the best famrdand.^^^ 
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Chapter XXV 


POSTGLACIAL RE-ADJUSTMENTS 


Nature of re^adjustments. The Ice Age interrupted the nonml orderly 
sequence of physiographJe devdopirtent, Hence^ at its dose the glaciated 
teiram again became exposed to the old forces which tried to efface its “ dis- 
harmonic features” as S. Passarage called them (see p. 1063). The forces 
were espccialiy vigorous latcglacidly when^ for example, the hillsides were 
swathed in drift, the British climate was moister (as the shells in the caves 
indicate ^)t the ground was frozen, and the lower temperature diminished the 
evaporation 2 and increased the run-off A The rivers were swollen and 
show^ed a higher stream ratio to precipitation than now', e.g* tho Oder near 
Oderbergt the Vistula below Bromberg, the Memel near R^nJt, and In the 
Alpine foreland the IJIer near AJtustied and the Isar near Iclung.^ Late- 
glacially, as also during the Glacial period itself, stream-flow was greater 
because it was concentrated Into a few summer months.^ Furthermore^ 
melt-waters streamed from the ice and snow; turbid rivers rapidly rasped 
their cl^nnels; frost played havoc on the hillsides; avalanches were activ'e; 
and solifluxion, wind and water acted freely upon a land swathed in drift and 
bare of vegetation. Cirque rims were fluted by snowslides^ and fallen 
boulder^ accumulated around the fringes of the aprons of winter avalanche 
snow^ at the base of trough walls. 

Some terraces, generally regarded as " postgbeial ”, may be latcglacial,^ as 
may some of the screes in temperate lands, e.g. in Skye, Wales and parts of 
the Lake District in Britain^; for their accumulation under present conditions 
js largely checked and fresh fractures or bruise are relatively rare. Some 
screes in MuQ are notched by the 25-ft beach.io Slopes were likewise ad- 
justed by landslipping during lateglacial timell and the aggradation of tire 
valley floors was partly accomplished while the glaciers were still in retreat- 

NortJi of the German Alps, the trumpet valleys in the oimvash plains and 
the a^oeiatcd cones w'ere made during the withdra^val of the ice, post¬ 
glacial erosion ^ing negligible (see p, 439)* The mere recession of the ice 
cau^d coarser bads to be laid dotvn nearer and nearer the mountain centres 
M that lighter loads at a distance led to erosion of earlier deposits.Even 
in early pos^lacial time, rivers worked at a quicker pace since rock-barriers, 
created fay ice-erosion or glacial epigenesUt were then undiscovered by the 
strams: the valleys were in drift and touched rock at few places* 

^ I he re-bom rivers attempted to rc-adjust the valleys to their own needs, 
in many respects the reverse of those of glaciers. In re-establisbmg their 
iwmw gradients and obliterating the inequalities glaciation had producedf 
they have been actively transporting the detritus, lodged directly or indirectly 
by ^e icc,^d rcci^’erjng from the arrested development resulting from over¬ 
loading. Glacijd floors have been smoothly graded, as in the big eastern 
valleys of the New 7 ^Iand Alps.n Lake-bottom deposits liave been dis- 
s^ed and valley trams, as m the Misaissippi.i^ have had wide swaths cut 
through them. Convex shapes have given place to concavities and young 

504 


V 


NATURE OF P£-A 1 >JUSTMENTS 505 

narrow valleys n bordered by bluffs of drift (Swed. Nipai Finn. Mslla) or by 
river-terracesj have coiue into existence. Narrow remnants have been pre¬ 
served along their sides^ particukrly downstream from projecting spurs, and 
outwash plains persist only in narrower or tvider strips, as in the south German 
valley's.^ ^ Broad terraces or narrow shelves record the progress the streams 
have so far made in adjusting their beds to the present conditions of volume, 
load and gradient. Streams have regained their erosive power by becoming 
less heavily loaded and by cutting away barriers of solid rock or drift farther 
downstream. The Canterbury Plain of New Zealand has been entrenched 
very deeply—r. iSo m in the ease of the RakaJa River.^^ 

The finer materials have been readily removed^ as in the classic earth-pillars 
of Bozen in TyroP^ and the earthpillars of Norway and the Himalayas,^® 
Residual boulders bestrew the stream beda^® and, like the boulder concen¬ 
trations and pavements (Ger, Sieittpjlmier) along the shores of seas and lakes, 
arrest the erosive progress^ giving rise to rapids, noticeably where morainic 
barriers^ such as the Salpaus^elkas, cross their paths.^^ Erosion, relatively 
slight over the interiluvcs,^^ has been mainly along stream courses- 
Channels have been rapidly incised with sometimes an impressive cleaning out 
of the drift. Clays have been more extensively dissected than sands and 
gravels which allow of percolation,^ and eskers and moraines, but little 
modified, have tvitiistood erosion better than wide pbins.^^ Occasionally, as 
in Wurttemberg, rains and the prevalent winds have removed the clayey 
matrix from the windw^ard side of drumlins.^'* Broad glacial terraces, as in 
the St. Lawrence valley, have been effected by slip and earthflow^^^ The 
rivers have dropped their detritus as deltas at their mout^ 3 the many 
names ending in or show how common these deltas are in west Norw^ay 
(see p. 479), 

The rate of removal of the drift was not everywhere the same. It %vas 
higher, for instance, south of the St. Lawrence River than in Labrador and 
in the w'estem than in the eastern Highlands of Scotland, 

Subaerial agencies of postglacial date have hastened to obliterate the harsher 
features and to restore to the cirques their pristine shape of torrential basins, 
replacing alpine scenery” by Mittelgebicge form. Chinineys have 
opened along planes of weakness, and walls have been ravined by streams and 
attacked by frost, as in the Sclmttkaren, or stripped by slips,^ as in the summit 
movements of Rosa Blancbi. Detritus and aggraded waste so brought doivn 
liide the break of slope at the base of the cirque walls and commonly conceal 
the floors. Cirque-lakes^ contracted by fans, deltas or screes, are in all stages 
of infilling^ the process being active in the Alps^ and Pyrenees^ and w^ell 
adv^anced in the Carpathians ^ Cirques in the soft sandstones of the Aj^n- 
nines have for the most part returned to the pne^lacial V-forra,^^ Doling 
have been hoUow'ed out of cirque floors in liTtiestone areas, in the 
Limestone Alps^^i where they may emphasise or diminish the backward slope. 

U-valleys are being harmonised *with present conditions as in 
Greenland and Spitsbergen where also- cirques have heen converted into 
atile slopes and where roches moutonnees and lakes have been obliterated. 
Cliffs ha%^e slumped to less bold and more stable slopes^ and the O has been 
replaced by the V cross-section^ Lateral streams have incised shallow clefts 
in the w-alls and faceted spurs, and small notches have been cut into the lips 
of Imging valleys. Where these were open V-shaped, the narrow postglacial 
ravine has combined with them to produce the Y-valley.^ Oversteepened 
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sides ill favourable structures have been wasted bv' slips slopes have 
GmjTibled and been cumbered with talus (some blocks eishibit glacial scratches 
on one side 3 ^); and cones and deltas have been heaped up at the mouths of 
tributaries.^^ Streams hav^c built w'atctshed deltas or “corroms*^^® on the 
passes to give rise to lateiet% e.g. in the north-west Highlands of Scotland, 39 
and elsewhere have segmented overflow valleys, as in the north German 
L'rsfromtdkr,’^^ farming lakes upon their floors.^l Small tributaries have 
been locally rejuvenated and small postglacial gorges excavated in valleys 
which glacial melt-waters had overdeepened,^^ 

Steps and barriers have gorges (Fr. gorges de raecordenient \ Ger. Amglei- 
chuttgsschliiehtey sawTi across them^ usually at their lowest points,'*^ or are 
occ^xonally pierced by natural tunnels."^ Screes and fans have accumulated 
on thejr downstream side and lake-terraces and deposits of great depth tn the 
temporary lakes above them, as Alpine engineering works have proved.'*^ By 
vvor^ng back toi-vards the elbo^vs of diverted streams, rivers beheaded by 
glacial action are restoring their earlier physiography. Stream-action in 
trance has produced the limom unffiropogen^s^^ 

Lake-shores have been eroded and beaches and deltas constructed in their 
embayments Drainage and infilling have replaced countless lakes by ill^ 
k sw^mp, lake-flats^ and plains as in the replair or Bodefi of 

the Alps 47 or the vales or " parksof the Rocky Mountains; about half 
e torrrier l^es of Finland are now peat-bog.Over loo lakes have dss- 
yithm 100 years in Tyrol where place names like Seea/p, Seeberg 
and Seetcfesefi are frequent 49 The lakes in Canton Zurich were reduced in 
number from 149 to 76 m 60 years^^ and in Schleswig-Holstein from 26 77% 
o e a^ to 3 '32 /q (Breckwoldt, Even rock-basins have been 

euminated by alluvial aggradation or by trenching the outlet gorge: excep¬ 
tions ^ e pass or col lakes w'hich arc little liable to either of these 
procm^. Kettle-hole lakes disappear by growing vegetation rather than 
by erosion or sedimentation. 

The subaJpine lakes are filling up so rapidly (see p. 1522) that their future 
me, measured m years, is estimated as foltows^^i Boden See, 12,500; 

hunersee, i 3 i^l Lac Leman, 20,000 and Vierwaldstatlersee, Z3,ooo. 
a ^ufftred much, Cng, in YVales,^^ including Anglesey w'here 

^ (f- 3 5 1 ^^) 'vide has been removed^’*, EnglandA^ 

cini^ D ^ ^^rness w here the coast has been pushed back 2 miles or 3-5 km 
north Germany^*; and in New England 37 _Cape Cod 
(^'5 J^m) wi^in historic 

shores 'inA Kai wave attack has provided detritus for the bouldcry' 

and fnr arricades, e.g. on the ends and summits of drumlins,*^ 

vieldcd sands 

the character of at^acem sea-floor, as 
out of the till W^r h Aided by submergcneci it has fashioned 

rim oufat boulders called ^^sams” which 

land*3 and coast off parts of the Welsh coast.^2 £ng- 

excldeTfhe S accretion of new land has far 

Mississippi is of Quaternary 
he-y.laad derived from the drift of the basin-the 

ment advances smw ^ transport of r. 350 million tons of sedi- 

ar s 90-104 m,annum. The waves and currenU of the 
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Gulf of Mexico succeeded fairly well in preglacial times in distributing the 
sediments brought down by the river so that the deposits near its mouth were 
not much thicker than contemporary^ deposits to the east and west.^^ 

Weathering of drifts and glaciated surfaces. I'he drifts have been 
weathered to a depth depending upon their nature and drainage. The finer 
materials have been removed and the boulders have grown and in places 
protected earth-pillars. Tht surface on moorlands has been altered to grey, 
with the removal of iron oxide by peat>^ acids^ and has been oxidised to yellow 
or brown limonitc in the temperate zone or to red laterite in the tropics. 
Calcareous matter has been leached out and sometimes segregated as ^ race 
or "^calcireous rings at the base of the weathered laycr^ though it has 
locally been restored from the neighbouring locss.^^ With the removal of 
the fine material, the texture has become loose and gritty. 

Eouldens and pebbles in the more permeable drifts have reacted to the 
bleaching processes in various ways+*^^ They have become soft and decom¬ 
posed and encased in ferruginoua rinds^ frequently forming concentric shells 
of weathered rock, as in basalts, granites and epidiorites, or disintegration 
pscudomorphs after the original boulders- Limestone boulders have either 
disappeared, as in south Ireland,*^ or become much fewer; they now possess 
roughly etched surfaces, their fossils projecting from the face like the por- 
phyritic cry^stals in igneous rocks. Only quartZi quartzite and chert remain 
undecomposed. Surface erratics have been faceted by winds^^or, especially 
in the ca:sc of granitesp basalts or gabbtos^ have had their angles rounded by 
exfoliation. Laminated or cleaved rocks have been reduced to fragments^ 

Striae have usually been present'd by a cover of superficial deposits (if 
these are not too thin or pcn-ious) or along the shores of lakes or seas^^^ e,g+ in 
the uplifted parts of Greenland and Spitsbergen, if lichens are absentt ut of 
banks of rivers below w^atcr-level- Elsewhere^ the rocks have been roughened, 
pitted and etched and the striae have been removed in the order of their depths 
so that those early discovered are often no longer recognisable. Others have 
been partially effaced, persisting only as ^'ghosts of scratches”* or have been 
quite obliterated. The polished skin has scaled off by froste.g. in Baffin 
Land, the high interior of Norway or on the pieiss of west Greenland^ or by 
the action of rain, changes of temperature, or lichens and other growths* The 
finest striae, however* arc still intact on hard, fine-grained and insoluble rocks* 
such a$ quartz, on veins in the Lewisian gneiss of Scotland* or as Sefstrum 
observedj on the weathered gneiss of Scandinavia. 

Glacbted shapes like rocht-a moutonnecs, deep flutinga and friction 
cracks”, being more permanent, arc preserv'cd far more abundantly, though 
even they have been modified by the opening of joints.'^"* ^ Block weathering 
has been active on the rugged Ice faces of roches moutonnecs; in places it has 
entirely destroyed the glaciated forma 

Changes are not unknown in louver latitudes. Pleistocene laterites, for 
instance, arc being disintegrated and removed by the more frequent rams of 
to-day 

Minor character of adjuatmentSi Although postglacial eroaion along 
drift coasts and in glacial epigenetic gorges is frequently well advanced, ^ and 
moraines, e.g. in central Asisi, have been buried under later screes or sh^ 
and alluvium has accumulated on the Indo-Gangetic plain to a depth of 
f. 3:10 postglacial remodelling is still in its infancy p The decay i$ often 
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scarctly appreciable on roches ttioutonneeSi grooves and striae as SefstrOm®^ 
notioe-d. Cirque-Ial^es have frequently only Lnsignifirant notches in their 
outer rirn, and even large streams have been able to cut only e^^tremely youthful 
^ steps of trough-floors and the lips of hanging valleys. Cirque- 

cliffs e.g. the Spi^elwattde of Zilleital, are often still fresh and the dis¬ 
mantling of the W2ll^ of U“Vall^s has made little progress since talus cones 
are few and small unless the joints are closely spaced. The $evere erosion 
^ rounding the ice accomplished have successfully prevented any large- 
scree unless the rocks are much foliated or jointed and 
rea y disrupted. Even incoherent and unconsolidated drifts have pre¬ 
served their glacial aspei^. Minor and more delicate topographic forms are 
scarcely touched; moraines stand out as bold and steep embankments; 
uut^i^h sheets are but slightly dissected; beaches and lake-shore lines arc 
sharply dclmealed; and apillwaj^ have sharp and unbeveUed edges and any 
s^c^s left in CTCupancy have car%'cd only miniature gorges. The foot of 
e_ & of Schaffhausen has receded only 10-30 Drumlins retain their 
pericct form—this has enabled them to resist denudation, since creep has not 
their S5fmmetryj and surface-waters have flowed off evenly unless 
eir streams crease the drumlins W'here tliese coalesce* Moraines and osar 
^e a so their on^na] contours and freshness, notwithstanding an occasional 
T of their errats or a reduction in the angle of their slope hv wash. 

es a ound in undrained hollows in tills, moraines and ketde-holes; 
generally only ^e smaller of them have disappeared Just as only the weakest 

n more outlets occur In some Scandi- 

^d North American lakes: the labile drainage is stiU directed. The 
^-v^leys are only slightly aggraded and deltas at the heads of lakes 
^f'W orvsurd only a fraction of the length of the lake. Upland streams, 

! til Progr^d but litde in the task of clearing out tbdr courses. 

y accomplished since rock, except in epigenetic gorges^ is seldom 
' often unnavigable in countries of low elevation. 

. ^i^wer dnft for example of Britain, have had no time to develop 

has anoar^nT^K^ that of the Thames. Deposition off glaciated coasts 
the V, ^ ^d the adjustment of the sediments of 

the con memd shelf to the restored sea-level is still in progres^.si 

in Poland and France, have been little 
shore ]in« nf .V ^ lantfe the playa deposits, beds of salt and the 

dellS are Reaches, ba« and 

are thl ^ y preserved. In both bells the most susceptible to change 

In short "'™’' ""‘I '“'■“B voEnOtion.®^ 

ntiKs elem^noi is ver^' incomplcto; the scenery com- 
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(C) PERfCLACIAL PROCESSES 

Beyond the glaciers a^d the ice-aheets and in some meas^urc on ntinataks 
and ice-free areas within their limitSp processes are active which though not 
glacial yet owe their existence and charactei- to the ice. Severe frosty ice- 
winds and other climatic conditions generate in their turn a certain facies 
of mechanical weathering and spread the glacial inAuence by means of drift- 
ice in its various forms over vast expanses of the ocean, W- v* Lo^Lnski's 
term^ periglacial which suitably expresses the Eone*s relation to the ice 
has been generally adopted though the boundary with the extraglaeial zone 
is by no means obvioua; some of the accumulations described in earlier pages 
under the rubric extraglaeial might also be included here. 

The subjoined classihcation shows the nature of the periglacial processes. 
In conjunction with that set out for the glacially erosive (see p. 231) and con¬ 
structive (see p. 361) processes, it completes the classificatiori of the products 
which arbe directly or indirectly from ice-sheets, 

ClastificatioFj qJ Perigladitl Procesies and Produrts 

1. On Land 

(i) Aeolian 

(a) Loess 

(ii) Cryoturbalion 

(а) Permafrost 

(б) Ground ice 
(r) Solifluxion 

(i^ Polygonal markings 
(e) Blockftelds 
(J) Lake-ramparts 
(^) River-ice 
{iii) Avalanches 

2. On Sea 

(i) Drift-ice 

(a) Calving Aoods 
(A) Abrasion 

(r) Glacio-natanl boulder-clay 
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LOESS 

Importance^ Loess, by far the most important pErigkcial accumulation^ 
was first recognised and given its rightful prominence in the valley of the 
Rhine where it is well developed in the Kelner Bucht and Neuwied basin. 
Here A. Braun * In 1842 accurately described it—the namcj which belongs to 
the Language of the peasants and brick workers of this region, came into 
scientific literature about twenty years earlier.^ It was found aftenvards 
elsewhere in Europe and in 1S46 along the banks of the Mississippi by 
C. Lyell^ and A, Binney* who declared it to be analogous with the Rhine 
loess, though its vast expanse in North America was not appreciated until 
much later^ (1873). China*s extensive loess wa® discovered by R. Pumpelly^ 
{it constituted his tcrracic deposits) and described in detail by Richthofen^ 
who travelled widely in Mongolia and nordi China. 

Loess, given adequate moisture (in south-west Asia it is often salt or desert 
steppe), is one of the best agricultural soils of the world,® especially for cereals 
and steppe grasses; the principal wheat producing regions of the worlds viz^ 
Ukraine and south Russia, Kansas and other states of North America and 
Argentina, coincide roughly with its distribution. Some of the best soils of 
Germany are on the loessf^ Responsible for the fertility^are its porosity 
and hygroscopicity, its aeration, its lime, alkalis, phosphates and other 
soluble matter and nutritive salts, its freedom from trees or enclosed stones, 
its case of tvorking, and its grain si^c which allows rain to penetrate readily 
and yet produces the optimum capilla^^ lift of the water. In Persia pd 
Turkestan the loess has been the basisfor independentdvilisations. In China, 
by discouraging a hca\y tree growth, it played a prime part in the diffusion 
of culture; it long furnished sites for settlements^ including the most ancient 
capitals, and was probably the cradle of Chinese culture^^: thus yellow^ is 
the sacred colour. Loess explains the constancy of many European sites 
during the PaJacolithic^^^ while its freedom from forests, dosed or open (trees 
being unable to root securely in the friable soil), agrees with the absence of 
trees from the Chinese loess when so much of the country was forested during 
the 2nd century On both the St^ppenJieiiiitfitorie^^ and the theory 

W'hich believes oak forests grew on loess,*^ the distribution in central Europe 
of neolithic peoples is linked with the loess—the blackcarth of central 
Germany, Bulgaria and Rumania however was free of neolithic settlements.^^ 
The fact that early man sought such forest-free areas has been shown,for 
example, for Saxony and Silesia. The loess-covered valley of the Danube 
provided a highway across central Europe by w’^hich the neolithic invaders and 
Beaker Folk from the Black Sea diffused their civilisation into Bohemia 
and by the Elbe, Neckar, Main and Rhine into Belgium and north-west 
Europe (see fig, 98, p, 500). The Slavonic languages may have taken 
shape on the loess of the Carpathian region and radiated thence eastwards and 
wesnvards. 

When the postglacial pine forest led to cultural decay and fragmented 
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groups of people were left on the sea-shore living on shell-fish (see p. 879)» 
the hunting population inhabited the forest-free areas 20 vvhich in this respect 
resembled the Muschell^ialk and sand-dunes of Germany and the Chalk 
country of north France,^^ The freedom of the loess from trees is shown, 
for examplej by the undamaged mammalian bones and the undisturbed 
burrows.^i 

The Steppenheid^ikeorie is^ howeveri strongly contested since among 
other things it may take insufheient account of man’s clearance of previous 
forests- Man's preference for loess soil may be connected with its fertility^ 
its ease of working with primitive implements, its dryness and suitability for 
pit dwellings and its level surface.Forests may formerly have growTi on the 
loess of theU.S.S.R^ 

Loess i^ supremely important too because of the light it sheds upon the 
climate of the Glacial period and upon the succession of glacial and inter¬ 
glacial epochs and their relation to human cultures and animal life (see 
chs- XXXVn, XXXIX)- 

Composition^ Unaltered loess^ both as superficial soil and mother rocki 
is physically and chemically distinct from other kinds of rock. Typically^ it 
is a brownish-yellow or buff-coloured^ calcareous sandy loam (Chin, huang- 
yellow soil), characterised by a homogeneous structure and a fineness 
of i^ constituents which make it 50 friable that it can be rubbed to an im¬ 
palpable powder with the fingers. Its materials are undecaycd and contain 
no coUoid clays. 

But the composition is not $0 uniform as Richthofen assumed; for later 
research has revealed considerable variability according to its derivation 
Chemical analyses^ as for China^^? the Rhine^^ Wolhynia,^ United States^ 
and South America ,31 show that its lime ranges from 10% to 25% (German 
Sorde/oerr, 7-9% to its silica from 60% to 70%. and its aluminium 

silicates from 10% to 20%. Represtntative figures are set out in the table 
below. 
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The mineralogical coitiposition is usually divtr$e+^^ The sand is principally 
quartz, tn a extent felspaTp homblendep caJcite, pyroxene, rutile, zircon, 
apatite and tourmaline, while the clay consists of fine mica Hakes^ frequently 
with kaolin.-^ The absence of the heavier and darker minerals explains the 
light colour. 

The calcium carbonate which, as in south Germany^ h often greater if the 
bedrock or diift is rich in lime^^^ forma encrustationa around the tubes (see 
below% coats the grains thinly(thereby imparting some cohesion to the 
loess and preserving the tubular structure) ^ or forms concretions deposited 
secondarily a$ a gcL^^ It may have been derived from the underlying rocks 
by rising ground waters but much more probably from tiny grains originally 
distributed evenly throughout the mass ^ and from contemporaneous weather¬ 
ing,^ Chemical changes and the action of capillarity, gravity and oscillations 
of moisture played their part,‘*^ the deposition being controlled by the level 
of the water-table. Occasionally tiny calcite cmtals occur or pieces of 
limestone^ c*g* Muschelkalk, contemporaneously entombed.^^ 

Much of the lime is belovv the de^cihed layers in definite beds'*^ up to 
0*5 m thick, or in bizarre noduleSp the German Lommameftm, Loaspuppehen 
and L^skmdeln or the South American w^hich are frequendy the 

size of a potato or even 30 cm in length.^^ Usually hollow (they arc said to 
be solid in Indiana'^) and often with loose inclusions (Ger, Klappersieine) 
and deeply fissu red in the interior through later contraction, they w ere formed 
by percolating waters charged with calcium carbonate and may have growai 
round a nucleus, such as the droppings of birds."*^ The nodules alone 
remain if the loess thins on to a hill or has been removed; they build the 
Puppen^teinf^lder^ and the tosca plains of the South American pampas.^"^ 

Surface decalcification and oxidation and the conversion of silicates into 
clay minerals, which rise in amount from 5 % to 15 yield a brownish loam^ 
(Fr. ierre d briqtiesi Ger. Lotutshm) or superficial brickearth which 
IS neither true loess nor true loam. The loam zones (Ger. LffViJfraOTff^n), 
which in places divide the loess into^parate horizons and provide separate 
w ater-tables, may be only locally significant and dependent upon drainage.^ ^ 
^tematively and more probably, they have stradgraphical importance and 
indicate a moister climate which permitted humus and carbonie aeids to form 
from decaying vegetation (of w hich traces remain). This is proved by the 
occurrence, as in Austria, of molluscs indicative of warmer and moister 
conditions.^^ Thus the tlircc loe$$ horizons recognised in Austria arc cor¬ 
related as follows^: the Krems zone with the MindebRiss, the Gdttweig- 
\Vielandsthal zone with the Riss-Wunn, and the Paudorf zone with the Wtirm 
In south Russia and the Ukraine too the loam zones contain fossil black- 
earths which pass laterally into chocolate-coloured steppe soib or podsob,^^ 

Siae of grain. The grains wWch are sometimes round or subangular 
but usually sharp and unattacked by weathering, as Richthofenaffirmed 
for China and Wahnschaffe^s for north Germany, are extremely fine, as A. 
Jentzsch^? fir$t demonstrated. Meehanical andyses,^ perhaps not irre¬ 
proachable in their methods^ reveal a vast preponderance of grains 0’05— 
c^'Oi mm in diameter, with a nearly symmetrically decreasing scries of ad¬ 
mixtures above and below (fig. 99), Some loess is still finer^ a$ in Russia 
and North America w^here respectively 97-3% and 977% of the grains are 
less than 0-005 

R. Ganssen,^^ who fullv discussed the chemistry^ of the loess formation but 
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in a manner perhaps not vvholly satisfacton', ascribed the uniform composition 
and gmn si^e to secondary removal of the alkalis, a nearly absolute 
hydration of the fine-grained aluminium silicates and a coating of the 
fine dust with calcium carbonate. Others attribute the uniform grading 
to the mechanical disintegration (insolation and frost) that gave rise to the 
loess (see p, 533), 
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Fic. 99.—(a) LacM from KHklingcn {Stoufuri). 

Ehckltllgen, after tncatnwnt with Bcetic acid, 
W BSnckcarth from K^rbiodorf (Halk), 

W Ba» of ihc Farwr low. ^hrinj^dorf. 

Gfaai latc in millimirtref. 

1 >+ Swgen, Z, D. G. C, 64, 1911, p. si^B, 


Structure. The uncompacted nature^ which won the name for the 
Geman R^e valley (see below), is due to processes that are 
per y undersu^, but mainly,, as Richthofen suggested, to the 
prince of mnuinmble, calrarcously lined, rwt-Uke tubes, of a diameter of 

structure explains the high permeability 
and porosity of the loess (especially vertically), which in tL Ukraine, for 
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example; is 42-46% to 46-48 and in the Danube 40% to 47%^^ and may 
be as much as 65%,*^ and promotes effective drainage and leaching at higher 
levels and favoura the deep penetration of roots. It has made possible the con¬ 
struction of cellars for the storage of ^^^ne and potatoes in Austria and the 
Rhine country and of the cavc-dwellings of SandomierK,^^ Crimea and 
Dobrudja’^*^ and of China^* where whole tillages are half-dug^ half-built into 
the cliffs and hills—chimneys and air-vents from the underground rooms 
present an unusual sight in the tilled fields above. It is also responsible for 
the infiltration of surface waters which may emerge at the loam horisrons. 

When dissected owing to a revival of erosion, the weakt pul verent loess^ in the 
absence of surface run-off, rarely slips or crumbles away like the residual 
clays it superficially rescmbleSp but breaks off in vertical or sharp-faced cliffs 
along the sides of rapines and canyons(Russ, awrag) and in crevassesp 
pinnacles and natural arches.^^ These faces are also seen in the depressed 
roads or “hollow ways”^^ (Ger. Hohlw€gr% developed by trafficp wind and 
rain storms; they may be 30 m deep in Asia and South America but occur to 
le^ depths in North America and the Rhineland. This characteristic^ which 
may also be due to tension or shrinkagep"^^ is implied in the word ioeis 
which comes from loesen to detachand in die term the “Bluff formation*', 
which G- SwaHow "^^ introduced into North American glacial literature 
(pi. XXIa and B, facing p. 544). 

The basal drainage^ described by Richthofen^® from China, may excavate 
hollow s which^ when their roofs collapse, create surface dep ressions (“ loess 
wells”, e.g. the \ValIachian cro^uri and some dolmes in the Banat). Such 
horizontal sapping also leads to a vertical chimneying (pi, XXI1» facing p. 545). 

The surface of the south Russian locssic area is studded with countless 
pecuUarp drainless hollows of various sizes. These "pods” probably owe 
their origin to irregular deposition of the wind-blown dust^^ on a basement 
ivhich was itself irregularp the hollows later being deepened by the elution 
of the salts in the loess, though some authors have regarded the pods as dolincs. 

The homogeneity causes the loess to be unstratified, though ditferences of 
the layers in chemical composition or in fineness of grain may initiate terraces. 
Sometimes the loess encloses nestSp pockets or strips of loamp sand or day, 
owing to varying wind-velocity or to sorting by water in the case of lake-loess 
(see below). Stratification may be imparted too by a layered arrangement®^ of 
shells, concretions, boulders, pebbles or gravels. Thick beds of sand, fre¬ 
quently current-bedded, are apt to occur tow^ds the bottom; they constitute 
the Simdloess and $onie of the ** valley loess ” (Ger. T&ft^ss) of the Rhine and 
G. SteLnmann’s RecHrrefm:::Qnenfi^ Rolled nodules and pieces of older loess 
are also there. A pebbly base, the Steinsokle of German geologists, is oorti- 
mon in north Germany, especially near the Aiinelgebirge (fig. 100), and is 
general in the IMississippi and Missouri ba$ins®^ where it may be 10-15 
(3 “ 4-5 m) thick. 

Distribution. Loess has a two-fold distribution: (i) periglacial garlands 
of “cold" loessabout the Pleistocene ice-sheets^ as in north Europe from 
the Ural MountEting to the Seine, around the Alps on the north, west and 
and south-west, extending into Lower Bavaria and Louver Austria and in. a 
narrow' zone north of the Pyrenees; and in North America and South America 
in similar conditions; and (2} “ continetita] or " warm^^ loess in the inland 
basins and steppes encircling the modem deserts of central Asia^^ between 
52 and 56* Lat. from north China and the slopes of Tienshsn, Alai, 
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Fig. loo.—The distribution df the low and the beneath the lpe<* and drifted sand 

tn octitxm] Europe* H. P*wr^ igoS^ p, 3, 
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Pamirsj north-west India, Persia, Turkestan, Tibet, Transeaspia (almost 
completely surrounding the Ara]o-Ca$pian area)^ Asia Minor to Transbaikalia. 

Keilhadt®^ who mapped its distribution estimated the area (on somew^hat 
insecure data) to be Eurasia i& miUion sq. km, North America 5 milljon sq, km 
and South America 5 million sq. km. Of the total, approximately half 
averages 10 m thick. Walther®® estimated the volume at 40,000 cu. km^ 
Keilhack at 130,000 cu. km. 


I. F^riglaciat Loess 

Distribution. The perigladal loess of the Scandinavian ioc-shect 
(fig. joi) crosses north France In a band of varj^ing widths occurring as a 
broad strip near the coast in north Brittany®^ and in the basins of the Loire 
and Seine (cL map of French loess—the identity of the French with the 
Rhenish loess w'as recognised as early as 1838.^* After passing across 
Belgium**^ (Rutot's Hesboyen) into the lower depressions of the Ardennes it 
continues as a narrow belt on the North German Plain, usually not more than 
30 km out from the Mittelgebirge and generally to ^ line which parallels these 
mountains (see p. 533)* It sweeps over the older river-terraces, as in 
Thuringia, on to the northern flanks of the Mittclgebirge, e.g. the Harz, 
Erzgebirge and Riesengebirge^ and as "plateau loesson to the intcr- 
strearrt watersheds. In north France it rises to zoo m; south of Aachen to 
30D m; in the Oder and V^'istuk basins to 400 m; on the northern slopes of the 
Sudetes to 500 m or even 580 m^^, gaining access to Eohemia through passes 
at 5^0 m and invading Moravia, e.g. Pfedmost, by the Moravian Gate; in the 
Swabian Alb to 900 m; and in the Carpathians to 1200 m (Range, 1955). 

A facies of the loess is the FhUkfm^ and Ftf^Usande^ a mLvture of loess and 
drift sand which covers considerable areas in the Flaming and Luneburger 
Heide and occurs as " islands ” in north-west Germany.^ 

The northern limit,**"^ where the loess thins out, runs eastwards as a sharply 
defined wayy line from Sangatte and Dunkirk by Courtrai, Oudenarde^ 
Louvain and Kdin (Holland has no true loess north of Limburg) and 
continues generally along the line of the Elbe by Paderboirip Minden, Braun¬ 
schweig, Magdeburg, Bittcrfeld, Leipzig, Meissen, Dresden, Frossenhain, 
GdrliUj Licgnitz^ Breslau, Trappau (on the Oder) to Jdsefdw (on the Vistula)* 
In the Low Countries, Rhineknd and Russia, the loess lies without the drift 
but over the inter%'ening stretch the distributions partially coincide*®^ 

The southern limit is much less easy to define since the loess here thins out 
and resembles the adjoining residuary clays and loams. In the w^etter west, 
it breaks up into weathered and decalcified “islands^*. 

In Europe (unlike Asia), it is seldom thick enough to develop its own 
tofwgraphy though it masks the gullies and depressions w here the pre-Ioessic 
relief was mature and thins out against the higher ridges.^ In many places, 
it has displaced the smaller streams from their old courses*^The buried 
relief and post-Ioessic denudation explain its varying thickness which rarely 
exceeds S-iz m though 35 or ev^cn 60 m have been recorded,!**^ the great^ 
occurring in the valleys, e.g. in the upper and lotver Rhine (DQsseldorf), in 
Saxony, the Elbe valley of north Bohemia, and locally in the Danube 
valley, lower Bavaria and near Vienna. ^^2 Representative figures^®^ are 
Brabant, 5-10 m; province Luttich, ro-15 m; Vineland, less than 10 m; 
Thuringia, 1-4 m; Silesia^ i-z m; and west Europe generally 3-5 m. 
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From Gcrnn^y^ the loess spreads out over the plains of Polandp south of 
the Middle Polish morainee+g> about Krakdw and in the sub-Carpathian 
zonep and broadens into Russia where, banked against the slopes of hills 
and spread out over plateaux and plains^ it finds its maximum European 
development. SoutJi of 56*^ N. Lat. (of. fl. A* Keller's map^^^ its mantle, 
700 miles (f. 1200 km) broad and 500,000 sq, miles (1,300,000 sq km) in 
extent, stretches as far as the Black Sea and the north shore of the Caspian 
and into Circaucasia^®^ and eastwards to the enlarged Caspian Sea in the 
middle and lower Vistula (see pp, 527, 1131). It covers much of the 
Dobnidja,**^® where it is up to 80 m thick, and a zone in the Danubian plain of 
north Bulgaria about 20-30 km broad. 

Thinning cast of the Dnieper, the loess reappears in Siberia where, though 
as yet not well know^n, it covers half of the Kirghiz steppes, the foot hills of 
the Altai, the slopes of Tienshan and Pamir-Alai ranges and the Fergana and 
Hi Tr’alJeys, and is encountered in the eastern half of the Minusinsk basin, near 
Irjutsk, in the soutliern zone of Transbaikalia, and in the north between 
Nijni \ilui and Lena rivers and westivard and eastward from Yakutsk. 
Towards the north in European Russia, it sends out tongue-like penetrations 
toward \itebsk and Moscow and along the right bank of the V^olga to Kazan. 

The south Russian loess averages 16 (the earliest figurcs^^^ fall within 
this) but decreases easttvards. Much of it, originally yellow in colour, has 
since acquired a top stratum rich in humus, the product of a change in 
climate* This blackcarth or Ts^hernosm also thins east^vards, e-g- from 
140 cm to 50-60 cm, though it tends to thicken if the mother rock is coarse 
grained and to be exceptionally thin on liitiestonesJ^^ The dark colour, 
ascribed to marine muds largely derived from the disintegration of black 
Jurassic $hale,^^^ to inundation by the waters of the Caspian and Black 
or to $warnps,l ^5 is due to humus obtained from peat* ^^ or trees (aflirmed by 
early Russian geologists^^^ and by O. v. Linstow for the German blackearth) 
or more probably from steppe vegetation —there is no sign of a moister 

climate or of the removal of calcium carbonate or alkalis, and the Russian 
blackearth has had no forest cover since it w'as formed during the last glacia- 
tidn.ii 1 he thickness, chemical composition and relationship to climate 
support this view wRigh has been specially elaborated by V.V. Dokutchaiew.^^® 
.^aiysesj^^pmve that the humus varies regionally; it$ maximum is t6% to 
18^/0 east of the Volga. Dokutchaiew^s map *22 shows by " isohumic bands ” 
how' the percentage decreases from its average of 6% towards the north-west 
( ere it pa^>s into grey forest ground and podsol with the increasing precipi¬ 
tation) and south-eastwards where, with increasing dry^ness, it grades into the 
greyish-brown soils of the dry steppes. In all caaes/it diminishes in depth, 
tinally ceasing very abruptly. ' 23 

BWkearth !Jso occiira in drier areas, about Belgrade,in Wolhyiiia,!^^ 
near Vjeima>M and in many German localities,I2T espedallv m the cast and 
between Magdeburg and Uipzig—the depth in places k cm, The 

totsd area m Europe emprises i-6 million sq. km of ^vhich 1-42 million 
sq. km ^ in Ru^ia.i 2 « Blackearth is also found outside Europe In China,>» 
gentina and m the United Statcsi^l where it co%'ers 1 7 million so. km 
and occurs especiidly m Nebraska, Arkansas and Dakota, 
i sod snidies i*^ show on the one hand that blackearth may descend 

>^rious kinds and from glacial deposits other than W, and 
on the other hand that different soils may be linked with loess according to the 
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climate. Loess is in this respect important only because its porosity and lime 
enable the blackearth to extend farther in humid districts. Tscherms^ 
is formed under weak alkali or weak acid reaction and is favoured by extreme 
cold and long winter frosts and by high temperatures and high saturation co- 
efRcient during summer, all of which result in high c\'aporation and desic^ 
cation of the soil; winter frost and summer drought alike retard the decay of 
huitiusj^ It has been degraded postglacially. 

I^oess is associated with the central European glaciations, notably the 
Alpine. 1^3 It is well developed in the bigger Alpine valleys and along the 
whole noTthem edge of the range from Vienna to Lyon. It occurs in four 
main areas: (a) between Basle and Schaffhausen and south to Aarau—at Basel 
it is zo m, at Aarau 10 m thick; {h) in the Thur valley; (c) in the Rhine valley 
from Bonaduz via Chur to Feidkireh; and (^f) in the Rhone between Lac 
Liman and Leuk. It extends along the Rhine, the classic area, e.g. between 
Basle and Mainz and on the heights of Kaiserstuhl {350 m), Siebengebirge 
and the Eifel, in the Neckar, Maiup Mobile and Meuse, and spreads along 
the Danube 136 xo the Balkans .137 ft is widespread in Bavaria (Franconia) 
and the Swabian stepland which it climbs to 900 m.^^s 

In France^^® the loess or limon des phteaux forms one of the four terms of 
the Diluvial succession: the others were the DUmnvm rong^t the Saik 
€aires avec coquilks and the Dihivitim 

On the polar side of the ice-sheets loess is virtually unknown though it has 
been alleged that loess occurs in north-west Norwayand in the coastal 
belt around the Arctic Ooearip^^^ including Alaska (see p. 528) where, although 
it is thin and masked by or assimilated in later sediments, it underlies a con¬ 
siderable area. 

The loess of the United States covers tens of diousands of square miles 
outside the drift, but unlike the European loess, b frequently interbedded 
with the drift over considerable areas. It skirts the Driftl^ Area (sec p. 727) 
on the west, underlic$ most of Nebraska and Illinois and much of Iowa 
and the prairies betw^een Missouri and Texas. The principal distribution is 
dong the Mississippi, Missouri and Ohio (fig. 102) and the average thickness 
is perhaps about 2-3 though higher figures, ranging up to 55 m., have 
frequendy been mentioned.^'*^ In central Nebraska, the general thickness 
is not far from 30 ’’iTiinness and extreme irregularity probably explain 

why few distributional maps have been published. The eastern bluff of the 
^Mississippi from the Ohio River to the Gulf is mantled with loess to a depth 
in places of 100 ft (30 m) into which the small streams have cut numerous 
narrow and deep gullies. The loess here completely dominatp the land¬ 
scape, its bluff rising 123-250 ft (jS^S ni) above the Rood plain except at 
the south end where it is lower. Farther east, it changes into a brown or 
yellow loam to a maximum distance of about lOO miles (c. 160 km). 

Farther east, the loess becomes patchy and thin: in rndiana and Ohio it is 
not readily mapped in the field and still farther east is only locally recog¬ 
nisable, e.g. in the Connecticut valley and about Boston. 

In lowa^ the most representative loess state, the loess areas are customarily 
treated under three heads. In the first, the loess, being of uniform thickne^, 
has no influence on the relief; in the second, it accentuates or otherwise 
modifies the topography; and in the third, it has produced a surface 
which is largely construetionaJ. In the south-east of this state and in north¬ 
west Illinois the loess forms mounds or '^pahas^J^ These low^ parallel 
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and elliptical ridges or domesi up to lO ft (3 m) high and i niik (j -6 km) 
long, form a belt 5-10 miles (8-16 km) broad. They consist of loess 
or of Kansan drift or bedrock capped by loess, the cores being either 
sand-dunes built up by easterly ice-winds or flurioglacial sediments 
channelled by streams J 

The Peorian loess,which is up to 60 m thick and is found in Nebraska, 
Illinois, Minn^ta, Missouri and Iowa, extends from near the eastern border 
of the Des Moines Lobe some 60 miles (96 km) to the Mississippi and beyond 
into the Driftless Area for a distance of at least lO miles (16 km) where it 
thins out and becomes interbedded with surface soils. It spreads down the 
Mississippi to the Gulf of Mexico. 

Periglacial loess underlies the South American pampasthrough 20® of 
latitude (ao'^S. to 40“ or 42"" S* Lat.) from Bolivia to Patagonia (fig. 103). 
The resemblance to the Rhine loess is strong but the matcrtal 1$ much finer 
and has less lime and quartzJ^ The depth b usually 10—30 m but is 
occasionally up to 29S m as proved by bores. Its Pleistocene ago is now 
generally admitted though the Posipimpeano or upperost beda are Holo¬ 
cene and the lowest, the PrepsmpeanQ^ are Pliocene. The Pampean con¬ 
tained a mammalian assemblage which included huge sabre-tootlv eats, 
short-faced bears, giant racoons, chinchilla$j large hoofed animals, and a wide 
VTiriety of edentates: its age is roughly that of the Equus Beds of North 
America (sec p* 1260). 

Periglacial loess occurs in HawaiH^^ ^od in the eastern plains of New 
Zealand,e.g. in Banks Peninsula, about Oamaru and Timaru and in South¬ 
land (Willett^ *9Sif rnap). Loess of earlier geological periods has been 
disoovered in several parts of the world* 

Pleistocene age» The periglacial loess has provoked more controversy 
than any other Pieistoceno deposit Strong disagreement about its source, 
mode of deposition and exact age may Indeed suggest that its origin was not 
every\vhere precisely the same: relief, drainage, climate and vegetation may 
ha\^ introduced variety^ Nevertheless, it has long been admitted tliat the 
Huropean and North American loess is Pleistocene and in some way concerns 
the ice-sheets. B. de Beaumont ^<51 noticed that the loams were on the 
equatorial side of the drift. Othersfound that the loess in Russia and in 
Europe generally lay outside die erratic hmit, though detailed investigations^®^ 
have subsequently shown that the reladonship, like the alleged exclusion of 
loess by the Upper Diluvium in north Germany,b not exact. It is, 
however, sufficiendy accurate to betray a genedc connexion between loess 
and glaciation. This has been established too for South America. South 
of r. 44"^ S. Lat, lie the moraines and outwash; then the sands begin, as 
S. Roth proved; and about the Rio Negro in 40* S. Lat. true loess appears 
and can be followed beyond the Tropic of Capricorn. 

Source. The source of the loess is less certain. L, S. Berg,i®® in his 
eluvial "soil hypothesis*^ (BodtntheQrie}^ thought it resulted in a dry dimate 
from deep autochtonous weathering of ’I'arious kinds of rock, an opinion 
which had been previously expre$$ed by various workers*!®® This is 
apparently true of the adobe of arid North America and has been applied 
to the true loess of the lower Mississippi vahey which, it is said, was formed 
by T-veathering and colluvial transportation from terraces and from the mantle 
conforming to the topography, especially in dissected terracra^—the jointing 
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is due to tension associated with creep and the tubular structure to coating 
around living plants. Nevertheless, this view is inapplicable to loess which 
has fresh minerals, a great thickness, fossil soils, and a sharp physical contact 
with the rock beneath.'^** Loess is also referred to the action of wind on 
weathered rocks, e.g. Eocene and Oligoccnc sands in the Paris Basin 



Fic. 103 —Map Df tht South AraeritM loess. A, Soheidig, 1494, p. 33, fig. 1+ 


(as implied by ^e rounded grains of quartz, glauconite and brookite), 
weathered Flysch in the Vienna Basin ,172 Tertiary sands in Moravia,!” 

eupcr j ar a at Nu r^lMrg, Lower Cretaceous on the borders of the Teuto- 
^ urger Tertiary and Senonian deposits in south Limburg^^^ 

(prove nuneralogically}. Alternatively, it resulted from vuJcanicity'75 or 



































SOURCE 


S23 

from the leaching or alteratLon of Pleialoceue flood-plain silts and clays^ aa 
in the valley of the Mississippi (which was then a braided river^^'^ and not 
a Tneandering river as it later became), or from the dust that the freeze-and- 
thaw process produeedt^^^ e g, in forming the Fd5enme€r^~^^ (see p. S74) urthe 
frozen ground and frost soils ^ 30 ^[xh. their pipkrake (^hne Frost imn Loss)^ 
soHSuxion and polygonal ground i silt the final pn^uct of frost weather¬ 
ing in a cold cLLmate with little chemical action. But all these, except the last, 
w hich was probably a factor, must be rejected since the loess is exotic and 
independent of locil rocks : in Kanm^ the loess is of uniform composition 
over 30,000-40*000 sq. miles (78.000-107,000 sq, km) and rests on Pennsyl¬ 
vanian, Permian, Cretaceous, Pliocene and Pleistocene accumulations. 

Loess is also related to river-muds in the arid areas of the Andes.to the 
washing of till or moraine by glacial flood-waters.^®* or to winnowing by 
wind,since its lime content approximates to that of till and the loess fre¬ 
quently rests upon, large erratics, the residue of denuded marmtt£ 

Wind removed the finest fractions from muds exposed on the dry floor of the 
English Channel,^®* from superglacial dirt on the margin of the (south 
Russian loess becomes finer, less quartzose and richer in AI2O3 and Fe^Oj 
as the distance from the ice increases^®*), from glacial sands like those in the 
German or bedded loess on river-terraces/^ schotter 

plains, or flood plains in process of construction, 

A derivation from glacial muds in streams which issued from the ice (when 
the land was lower and the drainage more sluggish^^^) is widely believed. 
ITius the loess is thickest along valleys leading away from the ice. e.g. the 
Rhone and Garonne rivers, and in Siberia, and is coarsest and least 
clayey near the ice-edgeits icew^d border is abrupt^ its silicates and 
carbonates of calcium and ma^esium and its particles of felspar^ amphibolc 
and pyroxene are fresh; its grain in Lowx^r Austria resembles that of the muds 
from the Schwarzensteinkees and Morteratsch Glacier ; and it is absent 
ea$t of the Alps * 5 ^ where there w^erc no flood plains. 

While the loess may not have sprung from the higher parts of the outwash 
plains whose rapid streams carried it away, flood plains when sun-dried and 
winnowed of their finest dust or rock-flour, a process not infrequently seen in 
arctic lands to-day (see belovs) and on the oun^-ash of the Rhine (see p. 5^8), 
would certainly provide, by their constant replenishment an inexhaustible 
source for just such an accumulation in respect both to its wide extent and its 
want of bedding. This view is sustained by the following: tlie loess occurs 
in the lee of outwash plains^^s and reflects their characters in both composition 
and colourits thickness and grain-size diminish exponentially away from 
the source of supply, as in the Elbe and the Mississippi v^alleys^w*; and flood 
plains exi&t without fine cUys but with dunes.201 Flood plains, like those of 
the Seine and Scheldt and the rivers of the Sudetes and Carpathians, which 
w ere fed in spring from melting snowson high ground* may have con tributed. 202 
The principal sources of die North Ainerican loess were the interlobatc 
moraines and outwash, the Iowan drift—rnincrai analyses of the Loveland 
Lo^ correspond closely w ith those of the Kansan till and the broad flood 

plains,e.g» Missouri, Illinobt Wabas^h, Ohio and .Mississippi. Even if the 
deserts of the west contributed (see below), it should be borne in mind that 
the Platte and Missouri rivers and all their Rocky Mountain tributaries were 
in the Pleistocene overloaded, glacially fed streams.^os 
It is occasionally objected, on quantitative grounds* that the loess could not 
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have been derived from icc-shcets or their dTift$+^^ Accordingly, the loess 
is referred In Europe to the Sahara Desert 207 or the inland basins of central 
Asiap 208 and in North America to the dry' Mesozoic and Tertiary plains ea$t 
of the Rockies 209 ^CobradOp Wyoming), especially since red dust has recently 
been blown afar from this and other descrts^i^^ and loessp at l^t in east 
Nebraska and Kansas, grades into sand and this in mm was derived from 
solid rock. Loess i$ &tiIJ forming in South America, its production depending 
upon the strong aggradation on the extremely arid slopes east of the Andes.^ii 
Others seek its source in volcanic eruptions,212 ^ g South America and 
Europe—modem Hawaii suggests this—or in some cosmic or estratelluric 
origin, 213 ^ g volcanic activity of the moon, a \new akin to that which regards 
loess a$ crycN:x)nilc2H laid dovm at the melting of the ice, 

Fluviatile hypothesis. Of the many hypotheses about tlie loess, thcKic 
older ones which regarded it as a glacial clay^l^ or invoked the sea^^^is 
estuaries 217 or great diluvial floods,are now' only of liJstorical interest. 
Deposition In lakes, ponded either by a sinking of the land^J® or by morainic 
or ice*barriers, 2 ^ especially in the Rhine valley the lake rose to c* 500 m 
and exterminated the mammoth^ woolly rhinoceros and palaedlithic man in 
Europe 222 —and occasionally in the valley of the Po ,223 has found some 
favour even recently. It is, however^ inconsistent wkh the great altitude of 
the loess (see above) and with the high lime content, terrestrial shells, and 
lack of stratification of tlic loess. 

A fluvaatile origin has w'on much approval ,224 notably among modem 
Russian geologists +225 Many facts, it is said, are fa^'ourable: the thickest 
and most porous loess lies along the valleys, e.g. Rhine, Danube, Missouri 
and Mississippi^ the lowest layers are indisputably watcr“laid 22 <s (the lack of 
stratification in the loess proper is explained, on this hypothesis, by the fine 
and homogeneous structure227 or by the subsequent actioti of plants and 
animals 22 »jj the loess passes into water-^bome sands 22® and from loose, open 
deposits into loamy clay 2 ^® and is occasionally interstratified w'ith boulder- 
clay 23 i- its stones are too big for wind transport 232 * ha^ bedding, ripple- 
marks and shelb in pockets 233 ; and its delineation with the rock-foundation 
is sharp .234 

HiLs origin is undeniable for the stratified silt in the loess w'hich is a local 
pond facies and for the Sfeifisohte and basal sand-loess which in Germany, 
Russia and North America encloses fresh-water molluscs—that the loess 
itself generally has none of these shells is attributed to the coldness and silti¬ 
ness of the w'aters .233 Yet it can hardly apply to the bulk of the loess with 
its terrestrial molluscs (see below) and peculiar physical and topographical 
characters attempts have been made to discriminate between water-laid and 
Avind-bomc loess. 23 e 

The mollu^u^n evidence is decisive upon this point. Loess contains 
cound^ individuals but comparatively few species, all of them it is aaid 
sull living species+237 European li$ts have been compiled by Socrgel and 
" Leverett^^^SJ Braun 240 collected over 200,000 

snail shells from the Rhine loess between Basle and Bonn and found only 33 
fresh-water shells, the rest being almost all Fupu [PitpstM muicorum^ Suc- 
ama \ar^ima] and Ihlix (Frutiacfjla) hispid^ (figp 104), a uniformity 

Rhone and Swabia and for Europe generally. 

. cyer affirmed that these species arc found in other glacial deposits and 
that montwm sub^^cta, Xerophila [Heticella] sttmta, Nikmnia and 




Fig- 10+.—1, Tifp& rnmans (T* our™ vir. Biitium nikuhtim; ^ and 4, 

Cardium 5, M^ictra iciviai^, Hdix 7» Pi^ muicifrwn; Pitmcs^iisr^dUriz 

FflWcmm ii^mdk^nt\ lO* Caiumelhc^lirntte^ki; tt* Vimfiatmffueiamxt F. cftjfjivwmi; 
iji V- giwcialMM^ 14, Vaicain goLifkisuma; 15, Litko^lyphui mtieoidet; 16, 
aoXifj 17* Pfiidhm tuftroidts. N^tGial sixe «xctpt irbcrc m*Murinfi line is given. 
F. J. Faber, 4:77, p, 394, pi. mi. 
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Sphyr odium [ColumfUa] edentulum columnells ar^ more typical. Ltmnaea ovata 
Clousilm p^rvula^ Pupa [Cnhirntt^lla] ed^tulit^ Hygromia mt^niana^ 
Vottoma co^lata and Veriigo ^r^eikntata also occur. The successi ve loess 
deposits in Kansas have characteristic /aunas. 2'*3 

MoUusca are more abundant in the older loess and in the lower levels-^ 
(possibly because iv'ater was absorbed less readily as the loess thickened 
and arc not arranged mechanically shells commonly exceed 5OOO per 
cu. ft (c. 28 p400 cu. cm} in the Peorian loess.^'*^ They are mainly fragile 
shells (Charpentier^^ noticed this) which Have not been transported, and are 
of terrestrial habit, as GumbeP^^ early showed for Bavaria^ T. Belt^^o for the 
Danubep Braun for the Rhine and B. Shi nick 252 for North America. 
Thus 43 of the 49 molluscs in TUinois are land forms* the majority living in 
open woodlands or among shrubs far above streams. 25 ^ Aquatic sliells are 
insignificant in both number and species and belong to forms which live in 
streamlets that dry up in summer. They arc common in bedded loessi^^-* 
e.g, in the plastic, thinly bedded “ lake-loess” 2 S 5 some ley-loess”, 

especially where tributaries enter the Rhine from the Vosges and Black 
Forest, lliey are embedded in loess which rains or melting snows have re- 
deposited as “dejective loess” (Ger, Schzcfinmlf^^sf), particularly at the foot 
of steep slopes or cliffs.^ This marginal facies or slope loess'* {Ger. 
Gehdngeioess^^^) is usually wedge- or cone-shaped^ has no capillar>^ structure^ 
contains broken or rolled nodules and is frequently impure. It is thinner 
than the typical loess and more compact and resistant to pressure. Its coarse, 
local materia] is angular near the rock and oKhibits slope bedding. 

The deluvial or proluvial hypothesis of A. P, Pavlow^® and other Russian 
adherents supposes that loess consists of the products of rock-decay washed 
by rain and deposited on declivities and plains. It resembles the rmsselk- 
mefit hypothesis of A. de Lapparent and other F'rench geologists (see beloAv) 
and encounters many of the objections raised against the general fluviatile 
theory * viz. the occurrence of loess On Avater-partings and its uniform com¬ 
position and Want of bedding. 

Aeolian theoiy* It has been widely held that loess was formed by glacier- 
%vinds laden possibly with snow^^tiO (xridting snow may have produced the in¬ 
frequent bedded loess2^1} and grew' possibly very slotvly so as not to smother 
the living shells^*^ yetj especially near the margin of the ice-aheet, sufficiently 
rapidly (a fraction of a millimetre per annum has been mentioned 2^^) sinix 
the shells and bones and the loess itself are ijmveathered 264 ^nd the subloeasic 
slopes are free from scree. 2 ^ 5 ^ The variable grain-size and sparse vertical 
distribution of fossil snails of the Iowan loess are in agreement.1'he winds 
blew', probably with considerable force,^^^ during a Dust Agje over outxvash 
fans and plains which were exposed and dried during the interv'als bctw'een 
successive mundationiS. The finest dust Settled in smooth sheets since its 
grain-size prevented accumulation in dunes.^^ Wind and w-ater each played 
its water acting locally and secondarily. Conditions were very 

auspicious; there %vere dust-storms, abundant fine silts and rock-flour, and 
anastomosing or braided streams which shrank or dried up in late autumn and 
wmter *270 xhe correlation of the lime content of die loesfi with the variations 
in the lime content of the local schotter, e.g. in Lower Austria* suggests that 
the dust from a particiilar source was c^ried to only a small distance and not 
over many hundreds of miles or kilometres {F. Weidenbach^ 1952 )h 

Anal^'sis and experiment show^ chat the characteristic grain-size {except in 
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loess derived from dc&erts, which has a poorer sortirig and larger grain) arises 
from a tvyofold sifting, depending upon the rate at which grains of di(ferent 
size sink in water and The sediments settled in water as flexed loams 

and the wind winnow^ed the fine materials This was blown, for example, 
on to the northern flanks of the German Mittelgebirge and the Carpaihians, 
and where these sank into the plains was swept far over south Russia and into 
the waters of the Arab-Caspian Sea to form stratihed loess, e.g. in the lower 
Volg;a .272 Deposition gradually diminished as the winds slackened away 
from the ice (see 660). The grade is othenvi$e ascribed to the fact that 
mechanical disintegration produces dust that is eminently suitable for aeotian 
transport.^'^^ 

Richthofen’s researches in China (see p. 541)^ where glacial phenomena did 
not obscure the vision* led to the wide adoption of the aeolian origin under 
steppe conditions*^^^ independently demanded by Nchring^^^ and later 
w'orkers^"^* on zoological and phytological grounds^ It was expressed for 
both Europe 277 and North America 27 a ^ P. T. Virlet d’Aoust 27 & had antici¬ 
pated it for South America as early as 1S57. 

The arguments, palaeontologica]^ topographical and structural that favour 
the theory are overwhelming. They include the character of the molluscs as 
Binney 23 ^ early pointed out and Slumek and Nchring emphasised.^Si The 
shells* which are mainly terrestrial ^ are autochtonous and ecological 2®^ and 
delicate (even snail eggs are preserved). Some have the operculum of 
H^lidna ^frbkuiata in the aperture (the operculum becomes detached after 
decay sel^ in) and w^horls are empty and devoid of clay, etc. Further paleon¬ 
tological evidence is furnished by the rarity of freshw^ater fish; by tl^e steppe 
animals, e.g, Equm cabaltus^ E.Jerus (= pr^e^vulski) Asmus Citellus 

{Spermaphtim) mf^sens^ C. mugasGricus, Afarmota bobac, Al, 

yftanriGtaj AliGclaga satiem, Jaculus, Saiga tataricaf as in Switzerland and 
at Thiede and Westeregeln,^^^ jerboa and steppe rodents in Alsace, and 
the ground squirrel at Alontmorency and north of the Garonne (see p. 803); 
by the coprolites in the Mora\han loess 28 ^; by the bone$ of land vertebrates, 
gnaw'ed and strewn about as earriori feeders left them^s^; and by the 
occasional discovery of salt-loving steppe p]ants-2S6 

'Ilie topographical arguments refer to its indifference to the nature of the 
underlying rock; its great thickness near the ice-margin; its independence of 
altitude (loess in the Mississippi basin has an extreme vertical range of 
f. 300 m 2*7 jn Europe sweeps up to 500 m or more; cF p. 517); its uni¬ 
lateral distribution in meridional valle^rs w^here it chiefly reposes in the lee of 
hills (" lee sides” are “loess sides on the western sides of \'alieys2^^ 
(e.g. Russian Podolia, Jbland, Silesia* ilungar)'* Thuringia* and Belgium)—- 
while this is in general conceded* contrary inferences are drawn from the f^ct 
{see ffc Si^}f ^d its absence where glacier-streams carried their muds into a 
sea or big inland lake* e.g. the enlarged Caspian Sea (see p. 1131) in the middle 
and lower Volga below Kazan The zonaJity is also in agreement— 
particles less thin 0 01 mm in diameter in the Ukraine form zo% to 25%! 
farther south 35% to 50%, and in the extreme south over 

The physical chanicters hear equally decisive testimony. Stratification, 
otving to the wind's ineffectiveness as a sorting agent> is lacking (cf. p. 529); 
deposition was slow and each addition extremely thin 2^2. ^he grain i$ fine* 
particularly on hill-fianks,^^^ and corresponds with modem cr^TConite*^^^ 
with the size-grade fraction of the local tilF?^ and with dust showers and 
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samples collected .it velocities of j 8-’24 miles (c, 25-39 bour^; it is 

umveathcred^^^ ■ its molluscs are irregular in species and individuals i it has 
rounded grains and wind-etched pebbles,boulders burst by insolation,^ 
a high lime^content,^^ and countless mica flakes, irregularly orientated it 
dovetails with w^ind-blown sands, as in Moravia and Hungary,^ in several 
German localities'^ and in North America^' it is buff coloured from 
oxidation in the air^"^; and charcoal is present in the industrial layers at 
Krcms.30S Lateglacia] ventefacts in the Mashpee pitted plain (see p. 440) 
prove semi-arid and cold conditions at the time of their formation since the 
kettle-holes had not then formed^~they are not filled with sand. 

Periglacial conditions are seldom found around modern ice-sheetssince 
these usually end in the sea. Yet similar dust is being raised to-day in clouds 
rivalling those of the desert over the Smtdur plainsof Alaska, Greenland 
and Spitsbergen, and in connexion with the loess terrain of Asia (see p. 542), 
the ouUvash of the Rhine and other European riversand the Canterburj' 
Plain of New Zealand Out blowing winds have sometimes, notably during 

Ary Winter seasons, etched or pitted boulders or formed dreikantcr on the 
plains,In Iceland,^!^ w here the dust is carried into the air to a height of 
1000 m, dus Mdh^iia of the Icelanders^ which indudes volcanic ash and dust, 
is up to 100 m thick, encloses calcareous concretions, and sometimes wrap^ 
the whole landscape, leaving behind it a surface which is or/oka^ i,e, unable 
to supply wind-bome material,^!® such 2s the wind-swept areas in the 
Antarctic, e.g^ the w'est side of McMurdo Sound (Dry Valley), Knox Coast 
(Bunger oasis) and Dronning Maud Land and the "frosien lakes** (see p* 
i490)of Neu-Schwabenland—this is the " pebble pavement ”of Greenland.^*^ 
The wind-blown material in Jan Mayen forms sand or snow coneSi^^^ 

The Siemsokle or regular pavement of Dreikanter^^^ (Fr* carV/oux fafonfites) 
ventefacts or wind-faceted pebbles (alternative names are 
Pyramidalgetchiehe^ Glyptoliths or neoliliths] w^hich forms the base of the loess 
in numerous European localities 331 la additional proof of wind activity. 
Faceted ventefacts, which have polished and greasy, fluted surfaces, shiirp 
edges and differential etching, arc also known from the glaciated area of North 
America, 322 ^here they consist of Huromari and Cambrian quartzites or of 
fine or medium-grained igneous rocks of the Adirondacks and New England. 
The pebbles or boulders, usually of hard and homogeneous rock like quartzite, 
panite or gneiss, may owe their ground plan to running water or moving 
ice^^ or to the boulder's original shape ,^ controlled by cleavagCi bedding 
or jointing* While the shape has been attributed to the washing of till^^^ or 
to melt-water rocking the boulders on each other (yf3 27j or even 
sometimes as ahenant artefacts,32^ most investigators and probably all 
modern ones regard the boulders a$ a deflation residuum*329 The wind 
pitted and polished the surface, as shown experimentally and observed in 
front of modem glaciers3^1 jn Greenland (see below^) and Iceland where winds 
from the ice polish cobbles, boulders and bedrock. A desert glaze has been 
observed about the modem glaciers of the eastern AJps.^Si Rocks of hetero¬ 
geneous character give rise to ribboned or recessed ventefacts. 3^3 

The wind-blow'n dust was trapped by grasses or arctic moss, 33^ as Richt¬ 
hofen suggested and later geologist^ have believed,333 or has oeeasionally been 
observed in analogous areas to-day 334—the northern limit of the north Ger¬ 
man loess coincided with the northern limit of auch grasses 337 p, 533): 
a northern, loess-tundra and a loess-steppe to the south of it has been dislin- 
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gubhcd, the boimdiur>' bet\%^een them being a diitiatic and morphological one 
—it ri$e 3 southwards into the Mittelgebirge and Alps with other climatic 
lines. AVhen the blades and roots decayed from oft-repeated moistenings 
followed by dr>^ing and oxidation made possible by the access of fresh 
they left the cylindrical hollows which traverse the loess save in aqueous 
varieties. The tubules bifiTcate doumwards Like rootlets and are as¬ 
sociated with living plants^® (e.g. Lithospennuin aj^cinale and Pittus} or with 
black specks of vegetable matter.^* The calcareous lining was sucked up by 
rootlets which still remain encrusted with such matter or completely 
calcified. The absence of a hoTizontal stratification—conifers and deciduous 
trees produce such a stratification by their fallen needles or leaves—and the 
great rarity of shells indicative of the presence of trees or bushes point in the 
same direction,while newly made exposures in recent loess in Alaska^ 
show^ root fibres near the surface tvhich grade dotmwards into a 2 one where 
the roots are carbonised and a lower one where the fibres are gone and tube- 
like casts only remain. This seems to put the theory beyond doubt. 

Nevertheless^ some dissent because the entire profile should resemble a 
humus horizon the tubes have scarcely a trace of vegetation^ (the 
physical nature of the loess renders‘this criticism nugatory), are Tivrong in 
shape, extend from bottom to and occur in marine and other deposits 

where the specified conditions do not prevail; the lime could not, for physio¬ 
logical rca$ 0 ]i$> have been drawn up by the plants but might have been 
deposited after their death by downward percolation^^; die structure is 
cither independent of the conditions of formation or is mechanical^ due to 
climatic processes which have effaced the original differences in the various 
loess deposits and loess is forming to-day in Greenland and Iceland where 
steppe grasses do not grow. Loess, therefore:, tnay not necessarily have been 
associated with steppes^^^; U may have been deposited near the treeline^ i,e% 
between the trunks below" the line and on bare land above it+^^2 A uniform 
climatic or ecological environment is not to be expected. Thus molluscs and 
other fossils in the loYvan loess suggest forest in some places, grassland in 
others and even a progressive change from forest to grass-In Illinois, 
molluscs in Wisconsin loess $how' a transition from cold typ^ at the base to 
warm- tempe rate types at the top an d an absolute i ncrease in thei r number 

But while it baa to be admitted that the flora of the loess steppe is virtually 
unknown, since the loess is not suited to presence plant remains—^pinc and fir 
Yvith small annular rings have been found at Gdbebberg in Lovi^cr Austria, 
pollen and spores of various conifers and deciduous trees and especially of 
NAP. (steppe grasses and species of Ariemma) in the loess of south Russia,^^^ 
and roots and stems in Palestinian and North American loessthere must 
have been sparse grasses which were adapted to winter cold and summer 
dryness, to a short growing season in springt and to strong winds and 
sudden drops in temperature.^^^ The flora, however, was certainly not 
scarce since a considerable fauna, both molluscan and mammalian, inhabited 
the loess. 

Deposition was probably facilitated by the dying away of tlie wind as the 
distance from the ice increased and the ice^winds were replaced by 
Westerly w'indsA^® It took place where the ground or the atmosphere had 
enough moisture to bind, directly or through cbcmicil action, the partEclcs 
that had settledbut where the area of reception was not subject to cryotur- 
bation or solifluxion, liad sufficient vegetation to prevent the dust being blo^vn 

34^.E. t 
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away and was dry enough not to cause decalcification and weathering of the 
loess. 

Although the climate may have been cold and wet^ and deflation un¬ 
doubtedly continued $o long a$ the shifting streams kept the ounvash bare of 
vegetation,the vast majority of workers agree that it was dry^ though not 
w'holly arid. Thus a dr\' continental climate is found in places along the 
margin of the ice in present-day Greenland^^ and Spitsbergen (see p. 678) ■ 
the loess is of the right colour and poor in alumina and humus and rich in 
carbonateand could not have accumulated had the vegetation been 
thickthe moUuscs signify a dry climate^ and abound to-day in the 
steppes of Central Asia, south-west Siberia and east Russia; and the loess 
loams have desiccation cracks.^'^ Further {though doubtful) confirmation 
is provided by wind-eroded rocks,^ chiefly sandstone, in central Europe and 
North America, and the shaiiow depressions in granite^ that recall the wind- 
polished and eroded rocks, with desert glaze, observed about modem 
glaciers.^^*^ 

A coating like that of deserts has been described from bedded rocks at 
Tubingen,^^^ from llochtcrrassenschotter in Switzerland,^^^ and from 
Chclleari artefacts in south Franceand glacial pebbles in Schleswig- 
Holstein.^^^ Arid conditions have also been postulated for Pleistocene 
Hungarj'^^^ and central Europe, because of the abrupt rock-faces of the 
PfaEscerwaJd,^^^ the steep, ^veathered surfaces of Sachsischc Schweisc and 
adjacent regions (these are partly due to tlie nature of the rock and to 
forces now operatingand the ventefacts^^^ of, for example, Bohemia, 
Brittany and south France. 

The central European climate resembled that of $outh-eas.t Russia^®® or 
north Siberiato-day* Its coiitinentalit)^ was due to the low sea-levd and 
the continent's westerly extension (see p. 1355) — aeolian action took place 
on the site of the present North Sea^^ and lac&s ia found on the raised 
beaches of the Channel Islands ^84 islands off Brittany down to 

^25 The loess around the Black Sea has also been linked with a low 

level of this sea^^S^ and the tj^pical loess of northern Dalmatia, I stria and the 
Istrian isjpds with the laying dry of the northern Adriatic^^^ (see p. 1225)* 
The continentality waa strengthened by ice over the cpicontinetitaJ sea^^^ 
and the close pack-ice off w^estem Europe which lowered the temperatures. 
It was, how^ever, mainly related to the glacial anticyclones over the ice-sheets 
(seech. XXXI) which induced dryness and much evaporation-^'^®'^the annual 
precipitation in centra] Germany may have been c, 25 cm.^^^ P. A- Tut- 
kowaki,^^^ the chief exponent of this view^, thought winds blew^ from the ice 
on to 2 **zone of deflation " or ‘^zone of dreikanter^^ characterised by desic¬ 
cated moraines, barren sands, boulder-screes, burst boulders, faceted pebbles, 
barehans and desert polish and coloration—the zone may have been wider in 
Poland than farther west, for there Aurignacian man lived farther from the 
ice-sheet.^^^ The "glacial foehn winds” whirled tlie dust into a *'zone of 
inflation” of lessened barometric gradientT the dust being trapped among the 
steppe vegeution. When the ice retired, the zone^ shifted with it: ventefacts 
became buried under loess and sand-loess under true loess. 

The increasing distance between the younger loess and the line of the last 
glaciation in Germany and the Low Countries — it eventually amounts to more 
than 50 km and the freedom from Loess of Europe'^s west coast and the east 
coast of North America (except locally, cf. p, 519), where the loess thins 
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towartk the Atlantic and dies out east of the Mississippi basin (over which 
cj^lones passed noith-east\vards)» is readiJy explained by the then humjclity 
of these countries since loesa-buiJding material was plentiful—additional 
factors in eastern North America were the more v-aried relief and the sandy 
nature of the drift.There is no loe^ in Spain (nor Pleistocene steppe 
animal in Portugal in Provence south of Lyonp or at the southern foot of 
the Alps in northern Italy (small patches 35^7 occur at Turin and near \’'erona) 
where moisture at all seasons and forests were inimicalJ^S It is tliin In 
Flandets and was formed ^ it is said, by ruissellefnef^t of heavy rains in 
northern France where it is frequently more or less distinctly stratified and 
intercalated with thin beds {caillontis) of sand or pebbles or angular fragments 
of flint.In Belgium and especially in France the fashioning of sand grains 
and of pebbles by wind has been much less than farther north, though the 
action has been detected as far south as Toulouse^ Bordeaux and Haute- 
Garonne.'^^ The fact that the loess in the Rhine area is more frequently 
stratified than elsewhere in Germany suggests that the summer rainfall was 
there more plentifuH®^ while the greater frequency and thickness of the soli- 
fiuxjon layer in England and France (pp+ i o6at loSi) point to a damper and 
more oceanic climate and a richer supply of water in the soil*^^: damp- 
loving molJuscan species were abundant on the high chalk Downs of southern 
England. 

In Britain, where the distribution and amount of the precipitation was not 
much different from that of to-dayloess is either mtssing completely or 
is represented in some of the Thames hrickeanhs,'*^ especially In the Taplow 
Terrace north of the river, which are sometimes structureless and contain 
“loess dolls*" and shelb of Papa IFttpilla] must&tumi In the loess-like loams 
and brickearths^^ of East Angliai x\ 1 dershot and the Chalk plateaux at the 
eastern end of the Chiltem Hills—the Hallsford loess contains implements 
that conform closely to the Aungnacian; in the matrix of the screes'^® east of 
the Mcnai Straits, east of the Cotswold tlllbi and (with terrestrial shells) 
about the Severn Estuary j in the red earth of palaeolithic cavcm$"*^; and in 
certain dcposit$ in Coh Durham.**^® Wind-action in a dry climate and on pre- 
neolithic surfaces free from vegetation is seen in the ventefacts’^l^ of GodaJm- 
ing+ Lancashire, Cheshire, Yorkshire^ Lincolnshire and central England— 
they are common in the *'hcad” of the Newer Drift in Yorkshire—in the 
desert gla^ on some gravels in the Vale of York^**^^ and in the sandblast sur* 
facc$ at Lillesha]l ,-*^3 Shropshire. Steppe conditions are witnessed by the 
Saig^ OchoiQfia {L^gQtnys) pitsUhts and Ctietfus {Spennaphilus) and 

by the wide distribution and abundance of horses in certain Pleistocene 
deposits, e.g. in Aurignacian caves.'*^^ 

The age of these several features varies a great deal and cannot always be 
accurately determined. The sand blasting, for instance, has been referred 
to Interglacial times or the last cold and the faceted pebbles to a 

steppe climate before the submergence which brought the Vale of York 
drift.^^7 

The widening interval between the loess and the latest drifts as w^e proceed 
westwards in Europe^*®^ also suggests augmented precipitation in that quarter 
(sec above). ITie absence of loess from Korea and Japan on the other side of 
the Eurasiatic continent and from the coastal regions of westem North ^'Vmerica 
has the same significance, though the fine silts of Wisconsin age^ associated with 
a foraminiferal fauna and pollen grains, revealed by cores on the outer 
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continental shelf of Ni^vv England, have been interpreted as wind-blown 
loess in this region,^^^ In North Ametic^^ probably because the anticyclone 
Winds were blowing from the Atlantic and not from a oondnental region, as 
in Europe, the signs of wind action are less pronounced^ and the vegetation 
w^as favoured by greater bumidity'*^^^ — the more southerly Latitudes of the 
ioe^edge may al^ have been a factor. 

Wind direction.. While westerly winds blew certainly over the Medi¬ 
terranean and over the Alps, the direction of the periglacial winds has been 
much debated. H, Poserhas reconstructed the distribution of the 
winds in Europe during the last glaciation (fig. 105). According to him anti- 



dktribution and directiDii of windt Cgiven by arroun) in Buropn durinjT 
she Tec^ lines rcpreetnc tbe ice-border at the beginning md the end of 

central Europe^a Isseglacitl period. H. Poser. 4. 1950. p. $ 7 . Ilg. I. 

cyleones occurred over Spain, western Germany and Scandinavia and 
cyclones over the British Isles and eastern Europe. West or south-west 
^^in^ blew over the Low Countries and north-w'cst Germany, north-west 
winds over Poland and northerly winds over Hungary. Xhe light winds 
^ociated with the anticyclone over eastern France explain the absence of 
loess this region (cf, p, 527)+ Analc^es with drifting snows are not 
compeding, though expenments^^ sugge^ that loessi like snow, was blown 
over the hiJla to collect in the lee. Supporter^ of the glacial anticyclones 
^enbe the Ic™ to cast or no^-east ""ice-windsstreaming outwards 
from the ice. - Thus the loess lies on the then windward slopes of meridional 

XT Oder (north of Ratibor and above Breslau)p 

atzer Neisse, Elbe (near Dresden and south of Alagdeburg)^ Elstcr (south 
o ipzigj, and Leine (near Hannover), and is absent from the wind-shadow 
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SDath-w<;£t of the its source was in the east, viz. the almost desert- 

Hke interior basins of centra! Europe^-^ (this is difficult to reconcile w ith the 
local mamraaiian faunaand in Russiathe drifts of the north-east'*^ and 
the dry northern part of the Black Sea which was the receptacle of glacial rock- 
flour.^^^ The loess in Russia came from the vast uutwash masses of the Bug, 
Dnieper, Don and Volga, that on the north-east side of the German Mittelge- 
birge from the outavash about the Urstromtakr, that on the Riesengcbirgc from 
Poland, of Belgium from the dry floor of the North Sea, of Paris and Brittany 
from the dry l^d of the English Cliannel,^^^ Rhone from the Rhone 

Glacier, and of the Alpine foreland from the Danubethe west had no 
source big enough. It is also emphasised that the European loess diminishes 
ivestTivards in depth and area and passes eastwards into sands,'*^ e,g. near Kiev 
and in the lower Rhine, and that the snowline was locally depressed in tlie 
Rodna Alps which received their moisture from pluvial lakes in the Dnicper .“^^5 
The orientation of the ventefacts, e.g. in Silesia, points m the same direction.^^^ 
Neverthele^, it is urged that the unilateral distribution of the loess does not 
bear this interpretation but is related to slope without any compass orienta- 
tion,^^"^ to the % alley's asymmctr>^^^8 ^ aspect and melting snows,'*^^ or to the 
secondary^ action^ of postglacial wind and rain. The asymmetry of the 
valleys is thus related to aspect and the unequal exposure to the sun's 
—the sun thaw^s the ground and favours soliflu^cion Eind stream-erosion in 
the unfrozen ground on one side—or to the action of the wind w^hich, by 
mixing loess dust with snow' in the lee, also favours solifluxion.^^ 

Certain facts betoken a westerly or south-westerly wind,'*^^ as in the 
Mississippi and its tributarics.+^ The sharply defined northern limit of the 
youngest loess in north Germany, w^here the loess is c. i metre thick and 
parallels the course of the Mittjelgebirge,^^ jg related to climatic factors, viz 
the obstructive effect of the mountains (see p, 53S). Moreover, dry plains 
to the w est supplied much of the material {see p. 523); the loess is disposed 
east of the rivers^ e.g, the Rhine(it drifted into the depression betw^ecn 
Schwarzwald and Odenw^ald^^)^ the Danube,^® in Thuringia‘S^ and 
northern Bavariap^^^ and in North America where this relationship holds 
good for the Mississippi from Minnesota to the delta, for the Ohio along its 
lower course, for the Illinois River from the Big Bend to its mouthp for the 
Missouri River as far upstream as Sioux City, and for such tributaries of the 
Mississippi as the Des Moines, Cedar and Iowa rivers, fn any one region, 
e.g* Rhine valley, Russia, and the Feorian loess area of North /kmeriea, there 
15 an easterly passage from coarse to fine and from thick to thin deposits.'^^^ 
Furthermore, pumice and volcanic ash in the Rhine loess were blowTi farther 
east of the volcanic centrep e.g- in the EifeH^^ (fig. iq6) —that this resulted 
from an upper return wind'*^^ is unlikely; dunes margin the eastern side of 
outwash piains^ 55 ; ^nd loess is highest on the east and lies in the lee of hills 
east of its source in the river vallep, e.g. the glacially sw^ollen Mississippi. 
Westerly winds, In part of the nature of chinook windst'*^*^ arc proved by the 
ventefacts in Wyoming,by the distribution of the volcanic ash in the Great 
Plains^^^ (see p. 979)t and by the development of beaches on the eastern side 
of glacial Lake Missoula, Montana,'*^^ They^ blew even farther north than 
the Mississippi in North Amcrica^^: dunes were heaped up by such winds 
in Connecticut (Wiseonain age) and south of Lake Michigan (Cary substage) 
and in north-west Illiiiois (Tazew'ell age). The size of the beaches in Lake 
Algonquin suggests northerly winds in Ontario.^ ^ 
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It has bc«n suggested that in Europe the mnds blew from the Mediter¬ 
ranean region and the Blaok Sea and Caspian Sea to the south or soiith'east,'**^ 
the Mediterranean Sea because of its depth and the humidity of the air 
favouring precipitation. 

The two seeitiingly opposite ^lews have been reconciled in various ways. 
High mountains, e.g. the Black Forest, have the loess on their windward side 
w'hile lower hills, e.gp Kaiserstuhl^ collected it in their lee* Hungary^ furnishes 
other examples.^^ Alternatively, the distance from the ice w^as the control¬ 
ling factor. Loess was deposited in north Germany by east winds, in central 



Fic. io6.—Dbtrihutido of tlw pumice from the Iasi cnap- 
tion of tlie Laiehcr See volcano in AllcrOd tiinc^ M. 
Schwanbachp p, 6^, fig, 4s, 


Hungary', Lotver Austria, and northern Bohemia by south-east winds from 
the Danubian flood piain"^; in Bessarabia, south Ukraine and in the lower 
Danube east of Bukarest by east winds from the exposed Black Sea floor 
and in Swabia, Bav'aria (Franconia) and Serbia by w’est winds.'*^ The 
boundary between the east and west winds has been placed as far east a$ the 
Oder and upper Elbe.+^^ The loess of central Germany, like the dunes (see 
below), has, however, been redistributed by west winds blowing in post¬ 
glacial time.'*^ In this way is explained the preservation of the loess in 
eastern shadow areas associated with the Mitielgebirge. In North America, 
as the ice-fnmt receded northwards, the anticyclonic winds were replaced by 
the westerly pl^etary winds. Under their influence, the surface loess was 
lifted and carried eastw'ards as about the area of the Pre-Wisconsin Dcs 
Moines pid Lake Michigan lobes where the loess now extends over the zone 
of deflation and even for a few mites on to the Wisconsin drift.'^^ 

On yet a fourth view, the contradicitions may be removed by supposing that 
the loe^ deposited by east winds but was redistributed by " minority" 
west winds which, though not prevalent, were much stronger."*^^ It has also 
been suggested that Europe had a kind of monsoon climate^^^; east winds 
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blew in summeri Avest winds in spring and autuinn when the weather Avas 
unstable, and calms prevaikd in winter. AltemariA^ly, west Avinds Arith 
snoAv bleAv during summer and east Avinds, generally speaking, during autumn 
and AAinter."*^^ Only in one place in Europe, vi/.. east of the Rhine rift valley, 
did the snoAV and loess winds coincide. Fall Avinds played a subordinate 
part; they Carried dust from the Eli6ne to the Cotes lyonnaises and that from 
the River Po on to the hills east of Turin(see above). 

Fossil inland dunes of Europe, Europe’s fossil inland dunes haA-e been 
the pivot of much of tltis discussion. For the most part parabola dunes, they 
arc widely distributed^ being found in north Gerxnany,**^'^ notably along the 
Urstromiitler (hence thought to be river-dunes,and over c. 5 %of the total 
surface (fig, 107), a$ betAveen the Warthe and Netze and south of Thom, and 
extensi vely in the Rhine — Main region from Frankfurt to beyond Darmstadt. 
Yet large areas are free, as north of the Baltic lake-pbteau and south of dte 
UrslrotTitaler^ and even Avithin the net as on the Luneburger Heide, Flaming 
and loAver Rhine. They cover wide tracts in Polandwhere they are less 
bound up with the L^rslromtater (cf. I. Hogbom's maps’^^'^ of the dunes of 
Poland, Germany and Holland), and are avoU developed in the middle Vistula. 
They occur in Moldavia^"^® and Russia^ e.g. in the driftlesa territory 
between the Dnieper and Dan.-^^® 

The dunes become less extensive and distinctive w'estAvards though they 
arc seen in Belgium in the province of Antwerp and Limburg, east of the 
Scheldt and on the Pliocene and Campian sands.'*®^ Others are knmvn from 
the Ave$t coast of ScblesAvig’^^^ and from SAvedenj'^®^ Finland^^®^ including 
Carelia, and the Kola Peninsula 

F. Solger**®^ maintained that tlie dunes, especially in north Germany, 
though subsequently modified by AA^eat Avinds, Avere contemporaneous with the 
loess and heaped up by east winds: they are related to deflation basms and 
sand plains and open their crescents eastwards. But this vicaa^, which has 
received some encouragement,'^®^ is erroneous; the dunes, from Belgium to 
Scandinavia, Russia and the flungarian plains,^^ Avere accumulated by west 
or south-west wLnds.'^®® Thus the dune$ as shoAvn in plan and section are 
parabolic or longitudinal dunes and not barchans; their bedding is directed 
eastwards; and they are situated east of the sources of supply^ e-g- the loAver 
terrace of the Rhine and the sands of the Weser and Vistula. Moreover^ their 
naaterial becomes finer eastAvards, and they wandered eastwards, e+g- in 
ScandinaAua, as their relation to each other and to the lakes into aaWcH they 
advanced indicate. 

The dunes are by no means all of one age, as Solger*s term “dune period ** 
would imply. They are indeed related to features of greatly differing ^e,, 
such as valley sandsor redistributed soiifluxion material'*^ in the Ithine, 
glacial outAvash in Den mark ^ and osar and fimrioglacial deltas of Finiglaeial 
date in Scandinavia.^^^ Vei they are unmistakably fossil; they are covered 
with vegetation and arc at rest — except those of the loAver Danube and 
Theiss'^^^; they are deeply AA'cathered and dark brovAn in colour and have 
pans; and the overlying beds, like the dunes themselves, contain prehistoric 
remains,from early Mesolithic onwards. Those of the French Landes 
and of the Rhine, \Vescf and Elbe are dovetailed with termces.^^^ Ihe pre¬ 
requisite for their formation was a drier and more continental climate Avhen 
the UrstTQmtdler and parts of the North Sea floor w'ere dr^'"*^^ ^d vegetation 
was lacking or le$$ extensive.'^^ But their precise age is obscure. From 
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Fir:* 107.—Map of th* !o«s, foniJ inl^d duiics and Urmomfffitr of crntml and west Europe- 
H. Poi«r, A®. 35, 1948* P“ 571?. t. 

ana]} sis their rdadoit to the terraces of the Vistula and the 
Littonna shores in Finland they are placed in the Littorina peHod"*^^ or* more 
cotnmonly, in the Ancylus or Boreal period.^^^a e,g. the dunes in the VrstTim- 
when the land was higher and the water-table low er.^^ They pre^ 
ceded the Littorina or Finiglacial peats that overlie them.5<» 
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Thus tlie dunes, it b in general belong to some part of the Climatic 
Optimum (see p, (482) and preceded the mixed oak forest.Bronze Age 
finds prove that some were moving and accumulating in Sub-boreal time.^^^ 
They were neither coeval with the loess nor perigladal.^^ Nevertheless, 
some of the north German dune^ were lateglacial^^j this is proved by pollen 
analysis SOS; by the presence of dead ice in the jRinnefiseeji at the time of their 
formation^' by the dovetailing of dunes in Holland with cryoturbation 
features^ and in north-west Gennany with tundra vegetationand by 
the lateglacial age of the loess Avith which they are intimately connected {see 
P- S 39 )' 

The inland dunes of North America,^®^ which, for example, in the Missis¬ 
sippi valley form a dose parallel witli tho$e of the north German Untromtdlgr^ 
Avere apparently heaped up post glacially by south-west %virLds and were 
probably accumulated during a drier period,^ 10 thougli they have been traced 
to the drying of the surface that resulted when the Mississippi and its tribu¬ 
taries Tvere cut down.^i l 

Intorglacial age ? Although the loess is forming no longer—in North 
America, for instance, it passes under later drifts and has normal profiles of 
weathering, and in Germany it is being removed $0 rapidly that it colours 
yellow^ the Neisse, Katzbach and Oder riversmay ascertain its age 
from its geographical and stratigraphical relations to boulder-cUys, outwash 
sheets^ and terraces, or the aucceasive mammal ian faunas and palaeolithic 
cultures (pp. 1053^ t028). Opinion about the exact date divcj^es consider¬ 
ably. Following Nehring's work, there was genera] agrcemerit^^^ that the 
toesa in north Germany and North America wras laid down during the second, 
but more heavily and extensively during the last interglacial epoch. Thus 
the lorn is sandwiched between unoraines and drift-sheets and Is in¬ 
corporated in the overlying drift; it includes steppe animals (see p. 527) and 
terrestrial molluscs of temperate speciesand it rests on a weathered and 
eroded drift.^^* Some hold that the molluscs lived in a dry climate, others 
that they dwelt, possibly in deep woods, in a moist and oceanic climate.^ 
*rhese disagreements suggest that the dimatc was not uniform and that 
habitat, the nature of the ground and other ecobiological conditions had an 
influence (see p, S^)- 

Glacial age. The diametrically opposite view of an association with cold 
glacial epochs and a glacial steppe^^^ ortundra^^^ has found wide backing, 
especially in more recent years and since the publication of W. Soergel's book 
in 19^9i marks a return to the date that was accepted before Richthofen 
enunciated his aeolian theory and when glacier-streams were held responsible 
for tile deposit. 

Arguments hostile to an interglacial age^^^ refer to the humidity of such 
epochs and the lack of an interglacial mammalian fauna— merckii 
and other warm animals suggestive of an interglacial age^^ are seemingly 
derived or, as in the case of the middle older loess of x^chenheim, occur in 
a deposit which by its position, composition and molluscs is an interglacial 
slope loam*^^^ Evidence of a positive nature also occurs. For instance, the 
last loess is periglacial to the last glaciation in the AIps,^^ north Germany and 
Russia, 5^7 North America^^^ and South America,^^ Nevertheless, the 
occasional thin " postglacial loess which w^as formed under special conditions 
on the last boulder-clay or moraines, e.g. in north Germany(when loess 
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was forming up to the Pomeraaian stage) p Switserlajidp^^^ Piedmont 

east Adriatic .^^3 Scandinavia^^ and North America,shows that the mle h 

not absolute. 

This exclusion of tlie last loess by the ice of the last glaciation, has no 
meaning if the loess be not periglacial.^^* It is explained in several ways; on 
the aqueous hypothesis by a want of ponded waters^^^T on the acolian theory 
by incoming moister conditions following the cessation of the glacial anti¬ 
cyclone and its foehn winds(sec p. 675) or the birth of the Baltic or 
North SeaA’*^ The melt-waters drained into the Baltic or in Switzerland 
into the Zungenb^chen so that the glacial rock-flour settled as late-svarps and 
not as dry dustA^^ In central and eastern North Amtdca, the building of 
extensive outwash ended in the Cary substagCp and the creation of the pro- 
glacial Great Lakes acted as traps for silt The stable plains were quickly 
converted into grassy mcadowis.^^^ The loess is not in contact with the 
terminal moraines but is separated from them by a zone—its breadth was 
generally 100-200 km in Silesia and west Poland 70-So km—^which was the 
SimduT and tundra zone. 

Corroborative are the glacial anticyclones^^; the similarity of the loess in 
its composition to the finer material of the glacial deposits^ and its northerly 
passage in north Germany into glacial sands the freshness of the frag¬ 
ments sometimes enclosed its colour and ILme-content that denote 
derivation from unweathered beds; its intimate association with outwash 
and in places with glacial screes and soliHuxion features or desert 
polish (see p- 1063.); the subtocssic drift which was eroded and w-cathcred 
during the preceding interglacial epoch,s^ as is seen in connexion with the 
older loess of North America—convection currents, as in the modern poly¬ 
gonal ground (sec p, 572), may have disturbed the Steinsafik^^^^ for eryo- 
turbation and soliHuxion occurred in France and elsewhere^^^ at the base 
of t he ancient loess and of the younger loess and at the top of the ancient loess; 
the absence of loess nodules beneath the moraines and boulder-cUya^^^; 
and the relationship to the ice-wedges in the ground The flora was 
arctic -55 and some of the molluscs, c.g. Pupa parcedentat^ and P. to!um€{ia, 
had holoarctic or palaeoarctic relations 5^56 even as far south as Austria and 
HujigarjL This fauna is impoverished ,557 though most of its species are 
climatically indifferent and of wide gcographicaJ range 558 r they indicate a 
Central European glacial climate ”559 rather than an arctic one (in Sweden 
to-day Helix hispida goes as far north as 62^^ Sui:anea obhnga to 64"^), The 
mammals include none of the w^arm southern species 560 (see above). In 
Europe 561 ^y^^here the loess has more abundant remains than in North 
America), it includes high alpine formSp e.g. Capra ibex^ Capelta ruprkapra^ 
Manr^ta tmrtriota, arede spccicsp e.g. Otibm mosekatm, Rangi/er raranduSj 
Guhborealis^ Alopex {Cams)lagopus, Arvkala amphibius^ A. arvalk^A.raiticeps, 
lemmtUf jMyode^ lorquatuSj AL ohemiSf arcto-alpine species, e.g, Lagapm 
at^nu^ and Lepus timidas^ and such cold forms as mammoth and woolly 
rhinoceros. In Galicia and Podqlia, the July temperature was probably less 
than to®C and fell northw'aTds.562 

Kansas presently live at higher altitudes or lati- 
pides, and in lUinois, where most of the shells were smaller than living 
forms, they reveal a drier and severer climateA^^ Several species are now 
found far to the north, in Minnesota, .Michigan and Canada, or to the ^vest 
m the Rocky Mountain region. The large Po^ra land snails w'hich are so 
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plentiful in the prcisent fauna, especially in the vvarm temperate south¬ 
eastern part of the U.S.A., are rare in the loess except in southern localities. 
The snails, mammals (e,g. musk ox, mammoth) and trees fyew, spruce, firp 
pine, larch) of the Iowan loess, together suggest a coolp subarctic climate at 
least four degrees of latitude farther north. 

The red layers in the loess of Hungarjs^*^ the Mississippi and cast Asia 
(see p, 54^) arc often attributed to moistcr conditions like those of the inter¬ 
glacial epochsor to chmatic changes attending a displacement of the 

poles, 

There are usually only two major loess horizons (see p. 1027), since Iocs$ 
is not associated with the earlier glaciations, except in the drier east, though 
an occasional badly weathered loam has been doubtfully referred to them^"^^— 
the loess at Achenheim has been ptaced in the Mmdel glaciationand even 
a A^illafranchian and a Ekinau (Danube) loess have b^n claimed.^^^ The 
gumbotib of North America (see p. got) were early identified and have 
recently been regarded as $uch ancient loess horizons.^^^ Several reasons 
have been given for the absence of the earlier loess horizons, particularly in 
west and central Europe. It is explained that they were later destroyed or 
covered up^^"^; that the glacial anticycisine did not then cxist^^^ j that the ice- 
retreat which exposed the barren ground was more rapid or that earlier 
drifts from which the loess could have been winnowed were lackJng.^^ 

Although the glacial age is now almost univer$ally accepted, opinions differ 
about its relation to the climax of the cold epochs. While many espouse a 
correlation with the culnunations^^® (full-glacial ; ko£hghs:taI\ ptenigtaewi )— 
each glacial period began with solifluxion and ended Avith loess —others 

make the loess the concomitant of the retreat or the advance or place it 
during the maximum and the advancepS®^ during the maximum and retreat, 
before, during and after maximum glaciationor at the beginning and end of 
each glacial epoch.These discrepancies may rest on real differences, $Lnoc 
the loess probably continued to form until the maximum in continental 
Russia and central Europe-^ and later than the Wisconsin maximum in lllmois 
and \Vi5ConEin and the Great Plains region of North America (see p, 972). 

Loess was often the forerunner of glaciation. Thus pollen in the lignites 
of Chamb<Sry show's that the moist, warm climate was followed by a colder 
and drier climate in which loess accumulated^®'^; loess rests everywhere on 
weathered drifts (see p, 537) and overlies lacustrine marls in central Russia^® 
and is itself overlain by the moraines of the last glaciation^®^ in the Salzach 
region and near Lyon and Turin; and the climate during the advancCp unlike 
that of the retreat, was probably dry^ (see pp^ 4431 466). Vet it is objected 
that the anticyclone was not then esmblished^^^'; that ponded drainage pre¬ 
vented loess accumulation^^*; that loess, as its high lime content shows^ did 
not spring from decalcified drift^^^; that ciyoturbalion forms occur only in 
the low^er layers of the loess and that loess in Poland and elsewhere occurs 
on deposits of the last glaciation —that there was not much such loess is 
because the drift had no w^eathered productSp the climate was continental^ and 
the periglacial zone decreased in width. 

Correlation with the retreat phase^ though agreeing with the fact that tlie 
A'arious loess horizons in the Somme succeed the solifluxion nappes (see 
p. 125S), seemingly encounters two fatal objections; the motaines and tills 
of the last glaciation are generally loess-free (see above) and the melt- 
W'aters were collected into definite chanriels and their muds into lakea.^^® 
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Unfortunately, organic life was cold in all these phases and the dme-valuc of 
the decomposition of the underlying drifts cannot be assessed^ 
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z. Distribution of Continental Loess 

Distribution. The continental loess is found mainly in China where it 
overlies rich coal-bearing beds and plays a great part in the life of the 
inhabitants, affecting their agriculture, water-supply, communications and 
dwellings. Owing to uncertain identity, its limits are as yet only approxi¬ 
mately known, especially on the south where it becomes thin and patchy. It 
spreads from its north-western boundary (where It closely coincides with the 
line of the Great Wall) through the basin of the Yellow River and occurs at 
other places in Chihli, Shansi, Shensi, Honan, Kansu and Shantung 
(fig. io8). Little has passed over the mountains of east Shansi, and Tsin- 
ling-shan and Tahua have provided an absolute barrier,though its equiva¬ 
lent in central and south China is thought to be the Nanking Loeasic Loam or 
Siashua Loam or re-washed lateiitic soils.^®* 

The loess spreads like a blanket over the pre-existing basins. It lodges In 
depressions, fills up gullies, and clings like a veneer to smother the old topo¬ 
graphy of dissected plateaux and high peneplains and round the contours into 
smootiier lines (fig. 109). Its monotonous plateaux are incised by deep river 



Fig. 109.—Diosnun showini^ the stnicture of e Flio-PJcistaccne bsain in north Chine. 
It FontuD Biid middle PllDCtrJte; VaHifimichEHn (Eqiiij^ hfds); 3^ Red Clivs: 4. Lceu' 
G. Gor^, Fr Fouk. P. TeiJhLBrd dc ChainiifiT B. Sr G, F. l^jS, p, 31^^ fig. j (Cr! 
Sommaitrc), 

canyons or are terraced naturally to conform with the subloessic unevenness 
or layers of ]oc$5 nodules,^ or artiheJally to p re vent erosion and make tillage 
more convenient. The depth obviously varies with thia buried topography 
and can only be gauged from exposures in youthful ravines. Estimates 
consequently vaiy' considerably. Richthofen®^ gave 600 m as a maximum^ 
a thickness which kter investigators®^ reduced to 30 m, 50 m or 150 m, 
though recent figureg^®^ range up to 500 m in east Kanau^ to 400M600 m in 
Tibet, and locally in Shansi to c, 450 or even 600 m with an average of 
150 m. The higher figures may be exaggerations. Fruitful sources of 
error arise from the failure to separate loess from the overlying and more 
recent deposits ; the absence of a clcar-cut base^ the loesg passing insensibly 
dotvnwards into older loess-like deposits; the dissected character of the sub- 
loessic surface; the re-deposited loess and alluvium which obscure low levels; 
and the inclusion of much material that is not true loess but beds of greater 
age and very different origin, lithologically, physiographically, faunistically 
and climatically. Nevertheless^ the loess is thick in the basins and thins on 
to their margins^ 

In north-w^est India,®^ where the loess occurs in the Salt Range, Potwar 
and Baluchistan, and contains teeth and bones of lar^e and extinct CtmehiSf 
Equus^ Bos and it is at least 90 m thick. 

The loess of Siberia^^ contains Pupa^ Hehx and Su^ciftea and mammothj 
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woolly rhinoceros, reindeer, saiga antelope and Irish Deer and implements 
resembling the Mousterian of Europe* 

The absence of loess round about the deserts of x\fiica^ America and 
Austrdia is noteworthy.^ Small areas of fine material interpreted as loess 
have, it is true, been reported from Bislu^ in Algeria, north Tripoli tania,^® 
Palestine and adjacent districts in Sinai ^—^in the region of Beersheba it 
covers c. 1800 sq. km, is up to 30 m thick and is still forming—the southern 
parts of North America Australia and South and South-West Africa.^ 1 ^ 
The loessic nature is ho^vever disputed for Algeria and Tripolitania and 
its absence is in general ascribed to the nearness of the to imperfect in¬ 

vestigation or to the lack of great flood plains which could supply the 
dust*i5 

Origin* The origin of the Asiatic loess ha$ been a problem of the front 
rank for over sevent)^ years. Thit hypothesis of ^vater-action^^® in the form 
of sea or lake, suggested by R, Pumpelly**'^ and C. Lyelh®*® was opposed by 
Richthofen.^ In demonstrating his aeolian theory^ which w'on general 
acceptance,he showed that aqueous deposition was incompatible with the 
independence of altitude displayed by the loc^ (it is found up to ^400 or even 
3000 m), its independence in its composition of the underlying floor, its 
freedom from bedding and freah-water molluscs, its landshellsj many of them 
very delicate, and its vertical structure indicative of plant rootlets. In his 
opinion, the loess was blown from the deserts of central Asia in great clouds 
of dust which settled on salt-steppe basins without outlet* The climate was 
drier and more extreme and China extended farther out into the Pacific by a 
barrier that lay off tJie present coast as far north as Korea—much of the area 
of the Gulf of Pe-Chihli and the Yellow Sea \va$ then dry land,^^^ Thus the 
loess was trapped in marginal prairies with the aid of vegetation. 

Drier conditions, suggested by the remains of the ostrich (Struthiolithus 
ckrrSQnetisb) and its fragile shells (** dragon^s eggs”), known to the people of 
^e latest Stone Age^ arc favoured by mo§t writers,*^ including those w^ho 
imagined the Hwang-ho dried up before it reached the plains .*^ 2 ^ G. B. 
Barbourthought the dryness w as borne out by the close conformity of the 
loess to the buried top^raphy, its local passage into contemporaneous dunesN 
and its barrenness of life, save in the basal layers and the sandy lenses which 
mark ancient water-holes and stream-channels. 

Many of the concretion hori2ons occur directly under bands of reddish- 
brown clay which represent old soils. The deeper loess contains a large 
number of these superimpckscd soil profiles, indicating that the loess accumu¬ 
lation was sporadic and not continuous. 

The loess, it is claimed, is still accreting in various parts of Asia,*^® in 
Patagonia Argentinaand even in places in Europe (see p* 5z8)^the 
dust of Peking comes to-day from the Mongolian Plateau soo miles (c* 320 km) 
awaj^^ (see below). Its age is said to be alluvial in Palestine®^^ and neo¬ 
lithic in Persia and in the v^alley of tlit Yenisei. However this may be 
(sorne of the dust may come from deflation of the top layers following soil 
erosiO’ii and intensive cultivationas it docs to-day in Peking its forma¬ 
tion in general is certainly paatA^^ Erosion, widespread and calastrophiCi^^ 
is now dominant. It hollows out bridges, pipesj tubes and sinks in the loess; 
ch^nels this with narrow, vertical-walled gullies, sometimes to the base, 
aided by sei$mic landslides'^, discolours the rivers, e*g, the Hwang-ho 
(Yellow River), and provides the silts of this (= 40-50% by weight) and 
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the Yungting River of north China (90% consists of loessand eauses the 
delta of the Yellow River to advance its front at the rapid rate of 3 km per 
century or even one-fifth of a mile (c. 320 m) per annum^ — the Gulf of 
Pe-Chihli should become dry land t^ithin 2000 years.*^® This vigoroii$ action, 
which has wasted the smaller hollows^ trenched the deposits lower down and 
cut back the divides to narrow walla (*"loess dykes”), results from the return 
of moister conditions which gave rise to " redeposited loessAll stages 
are traceable from youth through maturity to old age, but only in the divide 
region of north Shansi and in parts of the"Wei basin has the original smooth 
topography been preserved. The redeposited loess which is found mixed 
with alluvium and gravel on the plains is quite distinct from the primary loess 
of the higher country\ It was laid down by both water and wind, probably 
in late-Pleistocene time (Panchiao stage), and entirely before the neolithic 
phase of Chinese civilisation. 

Palaeolithic implements are embedded in the loess-cover of the Tibetan 
upland^ and Chinese neolithic artefacts above the loessprove that in thi$ 
country it is earlier than these cultures. Generally acknowledged to be 
Pleistocene (Maian stage)—the Chinese loess dovetails with corrie moraines 
in north Shansi — it w^as probably laid dow^n when, owing to the greater 
pow'er and dominance of the central Asiatic anticyclone of winter, the winds 
were stronger, drier and more persistent, and the ^iorth Pacific Low lay 
farther south and sucked in the winds- — the hackberr)^ cndocarps associated 
with Peking Man (see S54) suggest a cool and semi-a rid habitat^ (cf. 
3 . n 19): the summers w ere also cooler. The monsoon effect, ow ing to the 
ow temperatures, was less far-reaching ^|cf. p. 64o)p and the moisturc- 
jearing w inds from the Yellow Sea ivere not so deflected over north China as 
at present. The permanent high pressure that brought the cool dry climate 
of Inner Mongolia c. four degrees of latitude farther souths favoured rapid 
desiccation of the loosely consolidated and finely divided soil when the bind¬ 
ing vegetation was removed* 

To link the Pleirtocene ev ents and physiographic changes in China with 
Europe's glacial succession i$ necessarily difficult; the two regions axe 
separated by the w'idth of a continent. .^Vnimal remains and fossiliferous 
horizons arc few^ — ^the Siberian loess contains remains of Ran^ifer /tfrawt/wj, 
Cerviis megaceros. Saiga taiatica. Bison priscus and Equus and the 

workmanship of the human implements presents too many differences. We 
are ignorant of the exact relationships of the faunal groups in the two regions 
and still more of the palaeolithic cultures. Nevertheless, the almost unbroken 
continuity' of the Chinese loess with lhal of Europe*^^ and the occurrence in 
both of the woolly rhinoceros suggest that the loess in the two regions was 
contemporaneous. In China it was alniost certainly upper palaeolithic,*^* 
typology suggesting Moustcrian and Aurignacian affinitics,*^^ and a crude 
upper palaeolithic industry occurs in the loess of the upper Yenisei.*-^^ 
Barbour*^* distinguished two loess periods coincident respectively w'ith the 
Min del glaciation (= lafcr Sanmenian) and the Riss-Wurm twin glaciation 
(= Malan stage), though others place the entire locssic event in this twin 
glaciationrefer the Malan loess to the Wtirm aloneor differentiate 
betw'cen a Malan or Riss glaciation and a VViirm glaciation represented by the 
Mongolian Sands — the ^ianmenian is then correlated with the first, and 
Chou-K'ou-tien with the second glaciation. Peking man, however^ has been 
placed in an interglacial epoch.*^^ 
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Although the basal conglomerate and stratified beds wiili their Limn&ea, 
Plamrtis, Unio and other fresh-Avater mollaacs Me definitely aquatic, the 
Chinese loess 1$ mostly aeohan. It was kid doAATi when the climate was drier 
(see above) and colderu*^** probably during the winter^^^? and when the land 
was higher and more extensive —^the loess descends to 35 m 

The shore-line, it has been said, was displaced e. 1100 km off north China.^ 
The plants in the Lower Sanmenian indicate a coolj semi-arid climate.*** 
The moUusca,*^ w hich are usually fresh-looking and perfectly preserved, are 
generally Palaeoarctic in character, and essentially similar to those noAV living 
in north China. The genus Cathajca was dominant then as now and 
Bradybaena was also important. 

"Ihc importance of water in building up the Asiatic loess ha$ been re¬ 
peatedly stressed in recent years,**^ J, G. Andtrsson*^ thought the loess 
w'as fluviatile since it was thickest along the ancient valleys and was inter- 
bedded with gravel. Others,*** mciudlng B. Willis for China*** and W. M. 
Davis and E. Huntington for Turkestan have en^phasised the interaction 
of wind and water. Aggrading river s^ assigned an almost tontinuDUS though 
variable activity, spread their loads over the confluent Rood-plains (the sites 
of loess basins), the silt being sorted and re-sorted in alternate seasons. 

The sour{x of this prodigious quantity of material tvhich spans the whole 
width of Asia is perplexing. While Richthofen stressed the local origin of 
much of the Chinese loess, and the marked concentrations near the Qrdos and 
Tarim basins suggest that these rather than the distant Gobi w'ere the source,**^ 
w'e must look much further,**^ as Pumpelly early recognised,*'^® and seek the 
home of the loess in the areas of wind-erosion in the central Asian hinterland. 
The immediate breeding place was cither the muds of Pleistocene lakes, c.g. 
Lob Nor, the flood-plains of rivers*^^ including the glacially swollen. Hw'ang- 
ho and its tributaneSt*'^^ or the gbdal ouhvash from Pleistocene glaciers in 
central Asia*^* four loess horizons, oorresponding to four gkciationsi ha%'e 
been postulated for India and Burma ,*74 may also have been the basin 
sediments and v^t 'I ertiary accumulations gf secular decay,*^* as in Takk- 
Makcn of Sinkiang, or the readily disintegrated rocks belonging to the 
Mesozoic ^d Cainozoic,*^* and the material, including talus, covering the 
slopi^s of hiUs and mountains, silty flats, tlie shores of lakes and the banks of 
riversr In central Mongolia, the floor often consists of poorly consolidated 
Meso^ic and earl3f' Tertiary sandy-basin deposits^ and an enormous mass of 
rnaterial has certainly been removed from the country in late geological 
time. Climatic change towards greater aridity killed off the surface 
vegetation and released vast quantities of finely disintegrated debris to Avhich 

lacustrine and fluviatile detritus were added locally. 

The lightest material was carried farthest (= Chinese loess facies) and the 
heavier wm dropped earlier as sand dunes in the more central regions, e.g. 
in Mongolia (= Mongolian facies*^®). The lime content in Shensi is generally 
highest m the relatively^ arid regions near its supposed northern source, on 
a^nnt of the more rapid decomposition of the loess, the smaller admixture 
ot siliceous material, and the limited rainfall and leaching of to-day.*'^^1 The 

loe^ migrated by stages and at first probablv did not cover ail its present 
region. 

W hat was formerly thought to be a single unit is now knoAATi to be a complex 
ol superficial deposits representing four or more epochs of accumulation 
separated bj intervals nf erosion. The basal red beds are widespread in 
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north China and south-east Mongolia.^ As in South America, they are 
distinguished from the loess by their colour, their slightly more clayey texture, 
and their less perfect vertical structure. lu the centre of the basins they 
grade Into stratified beds or lamiuatcd lake-silte with fresh-water mollusc 3 t 
plant fragments and occasional gjpsum layers. 

In China, these beds were deposited on Pliocene (Pontian) steppesp^^^i ^ jg 
suggested on physiographic grounds and by the filpparion fauna {Hippanorr^ 
Sinotherium, Muthairodus, St^godon and other genera^^^). They succeeded 
a late-PKocene *‘lateritic period ”^*3 which characterised all central and 
southern China but encroached on the Pleistocene in the south* 

Later in age> representing possibly the warm Pliocene-Pleistocene tran¬ 
sition of Europe,.^ are the brickearths of the Laoho phasei^^ and the sands 
and gravels of the Sanmenian of Shensi and north Chihli whose low^est layers, 
the Quadrula Sands (discovered by K* V+ Ktng^^ in 1918 in the San Men 
Rapids on the border of Shansi and Honan provinces), were partially deposited 
in waters ponded by tectonic movements.^ Altogether, they ^vere roughly 
coeval with the lacustrine facies of the Nihow^an substage,^^ the torrential 
facies of Sangkan-ho and the red locssic facie^»^^ The locssic Io*m'is and 
boulder-bearing conglomerate at the base of the Lower Santnenian in uorm 
China and the plant beds of the Taiku basin, which yield a cool semi-arid 
flora, have been correlated w^ith the first (Giinz?) glaciation.^^ ^ 

The Sanmenian, the oriental facies of a Large central Eura^iatic faunistic 
association^ has w'arm mammalia of ViUafranchian age, including Hyaena 
siitenWj Elephas cL fwmaditus, Dicetos cL Trterr/fjj, Alaaftaifodtitt Efas^ 
motherium and Meks among odier genera,and some large fresh-water 
bivalves.*^®^ The Villafranehian north of Tsiiding*^^^ shows a marked increase 
of modem types, including forms from south Asia, e.g* bison, or from North 
America, e.g. Egtnu sanmanensis and ParaeameltiSt or from the west, e.g. 
Cervus bouim, or evolving locally, e.g. Cants, Ursus, LuiTa, Eynx, Eias- 
motheriumj Dkeras merckii, Mamnmtkus planifrotiSj AP meridtotmlts and 
Eiephas natnadicusr ^ here w'as a massive disappearance of Phocene forms 
including giraffes, Stegodon and Mattodon. 

The basal beds of the overlying Chou-K'ou-tien scries of humid smd 
lacustrine origin axe separated from the Kihowan stage by thc^Hu^gshui 
erosion phase which marks the Plio-Pleistocene boundary in north China (see 
p, 600), though nearly all the archaic types so characteristic of the lower 
rniddlc Pliocene, such as IfyattnisilttSt /cliVAeiruiw, Cfiiialkenurfi, GiraRi e, 
Mastodontidae, etc,, were extinct before the dawn of the Nihowan^ age. 
They contain, besides a remanie fauna of Sanmenian age, typical PleistMene 
mammals «>5 of an Asiatic temperate steppe eharactex. e.g. Jtchorhmut 
anliquilatis ( ?), FJ^hat namadi’nis, Equus kemioiius, E. cf. uamadtcut,E. cr. 
prsetcahkn, Cutnelus hiob!oehi, Crociita spilaea, Urtus, AfeUs taxus, Cervut 
elephas, C. megaceros var. mongdiae, Siruthia^ (and its fossil egg sheUs), 
gazelles and antelopes — Simthio ranged in China from Pontian into the 
period. I’he fossilifcrous localities include the breccias of Tshaj, notably 
that of Chou-K’ou-tien, 42 km south-west of Peking, which yielded deer a^ 
other animal?,*®’ fish, amphibia and reptiles,^*® remains of Peking 
{Sinanthroptts) and a mixture of Mousterian, Aurignacian and micrmitluc 
industries, incised bones, and horn and bone harpoons like those of the 
pean upper Palaeolithic,’** Differences in the raw materials at Chou-K 00- 
tien these consist of vein ijuartz, schist, quartzite, flint, volcanic rocks an 
35— Q.E. I 
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limestone—make a detailed correlation bet^veen the industries of China and 
Europe at present impracticable. 

This Choukoutien phase, which seemingly demands a moister and warmer 
climatep is linked physiographically more closely with the overlying loess but 
faunistically with the underlying Sanmenian. It has been referred to the 
Giinz-Mindcl intErglacialp^^^ to the closing phase of the Minde! glaciation 
or to the Mindel-Riss interglacial.^®^ The Malan loess has an upper Pleis¬ 
tocene mammalian of Crocuta trocuta, Tkh&rhittus antiquitaiis^ 

Euryceros Spiroceras^ Elephas namiidiciis^ water-buffsiop and camel. 

Hemmnus, Elephas, true Bos, and Alammuthus primigetitm (in Manchuria) 
appear for the first timcT and Hyama sinensis^ Macliairodus^ Dkrros niertkiij 
EqtiiiS s^jim^niensis, Trogont/igriam, Sipbnem tiftgi and S. arvkolimis have dis¬ 
appeared. The Ordos industry, with its points, scrapers and borers of 
quartzite, contemporaneous with Elepbas namndkuSn Tkhorhinus uniiqisitafis^ 
Bos primigenius, etc., belongs to the upper part of the Iocss 7 ^^^ 

In the last s^c of this major cycle, po&t-Panchiao, almost all the Pleis¬ 
tocene fomns disappear and only recent forms, now^adays living in other areas, 
are found (Upper Cave, Chou-K^ou-tien). The Panchiao erosion denotes a 
marked climatic change \vhich may correspond with the last glaciation in 
Europe.^®^ 

The bbekearths of north Jehol, south-east Ordos and Manchuria cover the 
period from the upper Palaeolithic to Neolithic w'hich saw the replaccnaent 
of the Pleistocene fauna by the modern fauna.^®^ 

The Sinanthropus beds are linked by a chain of bearing fissures 

ejctending from the Yangtse-kkng ba&in through Indo-Chiita with the Trinil 
beds of JavaJ®* They were probably contemporaneous with the Boulder 
Conglomerate, of Upper Siw^lik age and glacial outwTish origin, of northern 
India (which also contains the earliest human records, viz. artefacts of quart- 
rite and other metamorphic rocksChina, Java and India at this time 
all had Siwalik animals and w'ere characterised by the appearance of Etephos 
namiidfcus (see p. 545), 
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A 4 t-r - 32 .1890, 406: R. Speight, ibid. 40, 1908, 

342 (Devonian): J- Lt>mos> G, A/, 
r Iflumis, A. 3 , S. 178, 1909, t7 (Miocene); W. D. 
i!6 403 (Oligoccne); V. A. Obnttschev, .4 , J. S. 243. 19+5, 

V%^k' J* B. Ae. imp. 7, 1864, +'71 E. Suess, 

Schr. V. Verbr. t™. Ktmttn, 6, 1867, 333. 163 rSai, 12S; K, Kcilhock, Z. D. G. G. 

G^l ^ o S 7 -, N.y. 192S, ] I, 26; P, M. 1929, 7 ; Btr. 

Pel/ y O. V. Linsmw, 7 , 29, 1909, H, 

23 . K. Peters 7. JLd- 10, 1&59. 483; I. c, RlwmII, V. S. G. S. H'SP. 4, 1897, 59; 53. 

7 G eo >' C. Ru.«ell, G, M. 1889, 2S9. 342, 168 lY^ F^k, 

P. M, 19^5. 9: A, Jahn, Acta G. Pol. t. ,930, 304. 170 F, MOhlberg. 
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Chapter XXVII 


CRYOTURBATIOX' 

The processes of weathering in polar regions differ atrikLngly from those in 
lower latitudes. Mechanical transport by running water is, for example, 
greatly minimised by the scanty rainfalh by frost and at lower elevations by 
plant growthn Chemical action is very subordinate j inimical are the snow, 
the frozen ground^ and the cold summer months when the suit s heat is mainly 
used up in melting the snotv and thawing the ground^ and ivheit water cir¬ 
culates only to a very shallow depth. Nevertheless^ chemical action is not 
quite unknown in the drier lands bordering the glaciers. In the steppe-like 
areas of west Greenland,^ there are salts, salt effervescence and salt lakes 
without outlets Salt effer^^escence has also been noticed in Spitsbergen^ and 
in Antarctica^ (South Victoria Land and Gaussberg)* Soil analysisshow 
that» partly as a result of organic substances, chemical weathering including 
the oxidation of the iron and the removal of the carbonates occurs in e^t 
Greenland and in Spitsbergen where it is aided by the frozen ground which 
prevents percolation and so causes a concentratjon of organic acids and of 
mineral salts in the suprapermafrost water. Yet the sands in polar regions 
correspond in composition and colour to the mother rock; felspars, as on 
Mount Erebus, are remarkably fresh and gossans are thin and rare.® 

Some or most of the chemical weathering in the Arctic may date back to 
the postglacial climatic optimum® (see p. 1482). Higher temperatures also 
enhanced it in the periglacial zone of the Glacial period^; for experiments 
show that chemical action must have taken place.® Yet in general the schotter 
in central Europe differed little chemically from the Pliocene material; the 
less resistant minerals and fragments are still preserved.^ 

Insolation is also important in polar weathering.^® But the chief agency 
in the periglacial zone is unquestionably frost; its geological effects ^ and 
are very widespread and considerable. The term cryoturbation, nrst sug¬ 
gested in Holland! 1 for these important processes, has now been widely 
adopted. 


I* P^rmafTost 

In territories where the intense cold freezes the ground-water and a^ts 
the flow of springs, the ground is permanently frown. This froMn ^il (Cxer, 
Eisb^tden^ Froiibcdeny Dauer/rostkedefil Swed. Russ, Mm/ofa), the 

permafrost of S. W. Muller and pergelisol of K. Biy anp^® has been recognised 
in Siberia since the end of the 17th century. It became of wide imerost 
towards the end of the last century during the construction of the I rans- 
Siberian Railway and the gold rush to the Yukoiij and later during the 
excursion to Spitsbergen of the iith International Geological Congress in 

Frozen ground is not restricted to loose soil: bedrock is also fro^m The 
lower limit, which is probably uneven owing to ground water circulation and 
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tKe vanijig conductivity of the rock, is R» Pohle's which h 

either dry or holds ^vate^ under artesian pressure*^—'for this [and other un¬ 
frozen ground) W. S. Muller has suggested the Russian word talik and 
K. Bryan the word iabetisoL Its higher liinit is the surface except during 
Eununer when the top layer thnws* This thaw layer (Get. Aufiiwlk^dett i 
Swed. tjaiios^ning)y the MvtlhQl of Bryan and " active layer” of Muller^ is of 
importance agriculturally since it supplies the crops w ith sufficient moisture. 
It has a depth which A. v, MiddendorfF estimated at 25 m but is more prob- 
ably in the northern tundra i -5 tn. in the Siberian climate of L. S. Berg up 
to 5-7 in Spitsbergen 0'6 in north Sw'cdcn^^ at least 2 m and in 
Manitoba 2^5 m. It varies with drainage, altitude and aspjcct, the snow¬ 
fall, the texture of the soil and the character of the vegetation—it is at a 
miniinum, in peat or highly organic sediments and increases successively in 
clay» silt and mud, to a maximum in gravelly ground or exposed bedrock. 
The lower surface, the frost-table of Muller^ i$ uneven. 

The depth of the permafrost, w hich may be ascertained by electromagnetic 
or seismic methods, varies betw'een 0+43 and 69-78 mand averages 6-55 
and^is related to the annual air temperature as foUow^^^: t-2°Ct 20 ni; 
o-i^Cj 50 m; below o®C, more than 80 m^ Greater depths are, however, 
known (sec below). 

During winter, the lowering of the temperature in moist ground proceeds 
dowTiw'ards at an irregular rate. Much moisture retards the penetration of 
cold because of the latent heat of fusion, so that the ground remains for a 
considerable time above freezing point. This is the s!ero-ciirtam of Sumgin. 
Near the base of the active layer, the zero-curtain may last more than one 
month or for a few months. I'he depth of the zero-curtain depends among 
other factors upon the saturation and heat conducting of the ground and 
the insulating effect of vegetation and of sno%v. 

In autumn and winter, after the soil has frozen, water is trapped betv%ecn 
the wet ” frozen ground below and the frozen crust above+ Its high pressure 
raises the tundra as a gigantic blister,^ up to 6 m high, from which Avater 
spurts out in geyser fashion. The round motmds^^ or ** hydrolaccolit^s the 
pob of north Sw-eden, the IKdkdJ of Siberia, the pahen (sing, pah) of northern 
Europe, and the piif^oj of arctic America, whci$e height avenges 12^35 m but 
may be 90 m, are split open by an irregular system of fr-aetures and have a 
well’-defined stratification dipping outwards. They may have been produced 
by ero^sion of a plain or of drifting sand, but more probably by hydraulic 
pressure or by local upheaval due to expansion following the progressive 
freezing of a body or lens of w'ater or of semifluid mud or silt (endosed 
between bedrock and frozen surface soil) and the force of cry'stallisation. 
Later they decay and collapse, summer melting being vigorous once the 
cracks have been formed, and leave behind surface hollows, pits, sinks or 
small lakes, to form the DaiierfrostbadmAarit, Thermokarst or Ge/rierk&rAt^^ 

Distribution and origin. The frozen ground, Pohlc's G^frornis, P. J. 
KoIoszkgw s kryosphdr^ and the permafrost of recent American Ijteraturc,^^ 
occurs on an unknowm scale in the Antanztic and is of vast extent In the colder 
Im^ of the northern hemisphere, namely, in polar, continental and alpine or 
high mountainous areas: the various designations given to it, namely* peri- 
glacial (see p. 5 i°)i subglacial^^^ arctic,^^ polaror subnival,^® liave reference 
to these distributions. About one-fifth (^2%) of the land area of the world 
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is underkm by It occurs in AlaakA^^^ where in shafts it is up to 6o, 

15:^ or e>'en r. 300 m thick, underlies most of Canada,including the tracts 
east and west of Hudson Bay (but not the bay LtselP^), and is occasionally found 
in more southerly parts of North America, e.g. in Connecticut.^ The North 
.American boundary' follows the course of the Yukon, then turns eastwards 
along the 60th Parallel to the 1 10th meridian where it swings south-eastwards 
to the southern end of Hudson Bay and then to the north-east (fig. no): it 
b said to coincide with the annual mean isotherm of — 5“C. It floors the 
Yderland of Greenland (though not in the south and south-east and occurs 
in Spitsbergen ^ where it is 230 m or even 320 m thick in the coal mines, but 
b al^nt from big glaciers and lakes and from the sea-bottom to 100 m f^rom 
the coast In Bear Island it may be 60-70 m deep and in Novaya Zemlya,^^ 
as proved by sebmic methods, r. 300 m. It is absent from Iceland,^ 

Most of Europe is outside its tounds. Where it has been discovered, e.g. 
in north Scandinavia,'^^ as about Dovrefjeld and Tome Tr^k, it b very thin; 
in Finland it was i m deep."^^ Season^y frozen ground or pmletok occurs 
outside its IJmJt, and exceptional winters create a temporary frozen ground in 

other localitiea.^3 

The greatest extent is in Siberia where J. G. Gmelin'^ in 3C752 found the 
ground was frozen 100 ft (30 m) down. For long the maximum depth en¬ 
countered was 116-5 ^ ^he Schergin shaft, Jakutsk-^^ (since deepened 
to 145 m)( though the temperatiire of “j^C at the bottom suggested an 
unpenetrated depth which, it was calculated, would bring the total in this 
locality to 200 A new^ maximum of over 274 m has since been found 

at Aftderma in north Siberia^^ (69® 50' N. Lat.; 62“^ E. Long,), and a figure 
of 400 m has been mentioned for Nordwik in the Jakutsk area***^ and for 
the New Siberian Islands,'*'^ and of Soo-1000 m bctiveen Cape Chelvuskin 
and the mouth of the Indigirka.^^ Unusually thick perm^rost tends to 
occur in areas which were not glaciated during the Pleistocene A ^ Frozed 
ground and Pleistocene glaciation lia%'e often been said to be complementary 
(see p. 1456), though this may be doubtfuL^^ The depth, as is shown by the 
shape of the temperature curvesj may be increasing (aggradation or pergela- 
tion) in some places and decreasing (degradation or depcrgelation) in others 
(sec p, 14S). 

The distribution of the permafrost in Asia is still very imperfectly kno^m: 
much information regarding it is given in the Arb, Kom, D^^rfFGJtbodm Akr 

Schostakowitsch ^ thought it underlay 6 million 
sq. km between 100^ and 135'^E. Long, and north of 50^^ Lat^ E* 
hlalchenk^^ described its distribution in east Siberia and M* J, Sumgriny^* 
from a comprehensive sun'ey^ estimated its area in the U.S,S.R. at 9,658,000 
sq* km or 45 % of the state—A. A, Grigor'ev^ gives a figure of 48 %. 

Each investigation since Middendorfs (1S62) has thrust the boundary' 
farther south. Its course is still obscure and is drawn in widely different 
ways. This is because the continugus Cefromis embraces island-like patches 
of unfrozen ground or of unknown extent, hris numerous sporadic out¬ 
liers of equal indefiniteness^ and may be covered with wemd and forest.^® In 
Sumgrin*8 reconstruction, the boundary runs irregularly from the WTiite 
Sea along the 65th Parallel and proceeds into MongoUa, passing north¬ 
eastwards to meet the Bering Sea in 58^ N. Lat. It extends to the Arctic 
coast and beneath the sea^ e.g. Khatanga, but generally thins abruptly to the 
north under the Arctic Ocean, 'Phe Great Sovi€t-W<?rfd Atlas^ Moscow, 

36~<^*e. t 
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^937^ gives a map of the distribution. The thickness in general 
diminishes from north to south. 

The seasonal changes of temperature in the permafrost decrease do\m wards 
to a horizon of constant temperature below which the temperature begins to 


Fig, j 10. Di^tnfauUon of the pcrm&frast in the northern h^miaphene. Cra&a-hitchin^, 
corutniioiia permafroftt^ obhqu* ahudifiF^, divcontinuoiiiia pemufm^t: broken lin«p scone 
with islands of pertnaTro&t. F. BJuck, p. 575, i, 

rise. WTicre the tcmpcratiire sinks below o”C in winter only, the frozen 
ground la limited to this season and is shallow. If the temperature is below 
o*C all the year round the ground remains permanently and deeply frozen. 
But the matter is by no means so simple as this. Ground drainagei altitude 
it is somewhat more in hilly ground^—aspect, vegetation, e.g. forest or 





































DrSTRIBUTlON AND ORICIN 0 !F PERMAFROST 563 

Tno$$^ texture and composition of the soil^ seasonal air temperatures and 
winter snow all exercise an influence.®^ l"he beds of swamps near Fort 
Nelson are unfrozen although that place has a me-an annual temperature of 
— 6*3°C. The ground beneath the Mackeniac and Churchill rivers is also 
unfrozen. The geographical limit in lowlands has been drawn at the annual 
isotherm of — or —4“ to — alternatively at the 25-mm precipita¬ 
tion line of the three winter months,®^ Thu former ncglecrs precipitation 
and snow which are very strong forces in Siberia.®^ 

Asia, according to Schostakotvitchp®® has two great areas of frozen ground, 
a small one in the north and a larger one enclosing the greatest depth, in 
Transbaikalia and Avest of the Amur (there are outliers®"^ in east Tibet, 
Muztag-Ata in Turkestan, and in the Pamirs and Altai). Its distribution in 
his opinJon depends upon the mean winter temperauire and the depth of the 
snow Ln January or the quotient of winter temperature divided by snow thick¬ 
ness (measured in centimetres)* Absent if the quotient is less than £>'5, it may 
thus be missing if the snoAv is thick and the mean annual temperature is 
— 7'4®C, but it may form if the snow is less than lO cm deep and the 
temperature only — Sumgrin®® criticised these conclusions because 

the permafrost is thickest in north Siberia^ the coefficient ignores other 
vital factors, and no criterion exists by which to predict the presence or 
thickness of the froaen ground. 

The latter may be a relic of the Glacial period.®^ Thus it is very thick; its 
upper surface is in places deep (30 m) within the ground™ and far below" the 
level of freezing to-day i and It encloses large masses of buried fee ($ee bcIoAv) 
and frozen mammoth and other animals (sec p. 64S) and sometimes imprisons 
an unfrozen water-bearing layerMoreoverp numerous Emslurzseen and 
funnel-shaped hollows, including the orientated lakes^ up to 6 m or 18 m 
deept abound in northern Alaskaand in coastal north-east Siberia?^; at the 
Skovorodino station of the Transbaikal railway the temperature fell doAvTi- 
Avards^'*; and the dowmvvard temperature gradient docs not correspond to the 
present climatic conditions.'^^ ITie prevalent anticj^clonic conditions favour 
not glaciers but frozen ground. 

Whether or not the frozen ground is now stationary or diminishing is un¬ 
decided. The upper limit has considerably receded since Middendorf's 
obsen^ations a century ago and the suction of the atmospheric air into bore¬ 
holes, sometimes noticed^ may point to the melting pf intermittent ice-layers 
or ice-cement and the creation of voids.^® The frozen ground is decreasing 
from the base upAvards in parts of North America and has disappeared re¬ 
cently in places in Greenland.^ Qn the other hand, expansion or aggrada¬ 
tion of the frozen ground is taking place in the groAving deltas of the Ar^ic 
Oceanincluding that of the Mackenzie River^ and in recently built river 
islands and bars in north Siberia. 

Nevertheless, there is an increasing tendency to think with G. Wild (1S82) 
and Schostakowitch™ that the permafrost corresponds to present condi¬ 
tions 8^ and, though shrinking in many places, c.g. in the Kola Peninsula, in 
parts of .Masks, in the Petschora region and in other parts of Siberia (see 
p. 14S). is stable and riot gradually shrinking tow ards final disappearance as 
the rival theory w-ould require- Thus the permafrost occurs in railway em¬ 
bankments; plants are not preserved in the older terraces of the Amur 
basin ; neoUthic remains arc found in the frozen ground of Mongolia*^ and 
cones and wood of Siberian lardi in that of the Obi region (see p. 470); and 
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the permafrost of Greenland encloses Esklrno costumes and coffins, pierced 
by and matted with foots. Furthennorej whUe the ice-sheels have melted 
the frcsen ground has not thawed; the arcaa of permafrost and of Pleistocene 
glaciation are not complementaiy (see above); snows probably protected much 
of Pleistocene Siberia*^; and extensive glaciation, c.g. in North America, 
seems to relegate the frozen ground to postglacial time {cf. p. r456). The un- 
fros^n t<iUk on this theory is the lower part of a former active layer formed 
during a warmer period and left unfrozen when a later or the present cold 
climate caused the active layer to refreeze almost to its base.®® The present 
limit therefore is probably the line to which the Pleistocene permafrost has 
shrunk or expanded under present conditions^ A distinction has been made 
between permafrost which contains mammoth carcases and is a relic^ and 
ground which does not and corresponds to present conditions®*^: permafrost 
which reappears when destroyed has been called active, that which does 
not reappear, passive. 

Buildings and earth~fills alter the local thermal regime and cause the frost- 
table to change its position.®^ In the so-called passive method of working, 
peat and other surface rrmterial are left intact and additional I insulation is 
provided so that lire thawing of the ground does not take place. The active 
method is used where the permafrost is thin. The ground is either thawed out 
or that which is susceptible to swelling is removed. Areas witli excessive 
w^ter are excavated and the seepages are drained. Firm foundations may be 
obtained by anchoring with piles driven by steam points into the permafrost* 
□tructur^ resting on dean gravel or sand of 20 ft (r. 6 m) or more in thickness 
^e not damaged by settling or heaving since ice-lenses do not grow^ in them. 
1 he m^n problems arise if there is a thick layer of fme-grained soil or if layers 
of s^d and silt alternate. Permafrost has influenced the customs and uses 
of the inhabit^ts^ e.g. by hindering the burial of corpses which may therefore 
be placed under stone heaps or in boxes, and to-day is most important in 
instructing a modem city with foundations, roads, railways, bridges, air- 
nelds, water-mains, water-supplies and other services*®^ Pipes m the taiik 
are unlikely to freeze or break, though some hiliks flow like mola$se$p 

Permairost affects the vege^tion by its inBuence on drainage and by re- 
^ deep-rooted species and limiting growth to those which have 
shallow roots. Trees, like pine, with permanent tap-roots, do not thrive on 
permafrost. Larch, tamarack^ black spruce and birch, however, can exist 
since mey e^er have shallow roots or form auxiliary roots. Dw'arfed or 
stunted birch usually indicates a permafrost close to the surface* Were 
the sod however not so waterlogged it would probably revert in both North 
,'^menca and Siberia to barren desert on account of the climate. 


^jrruurrci-ice 


Character and d^trihution. The permafrost m some regions encloses 
groun -ice (Ger* Bod€nsis\ Swed, Ru$5* Kanienny)^ especially on 

the cooler sides of the valleys.^ This ice, which occurs as thin films, grins, 
vein ets, large vertical w'edg^s or horizontal sheets, and irregular masses of 

ri "''^*** tirowTi or yeUow. 

s re too vanes with the environment and undergoes changes under 
^ prismatic or granular, contain numerous air bubbles 
wmch are either onentated or without orienlation, and have honzontal or 
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vertical planes. ’'I'hc solid, motionl^^ masses^ penetrated by cracks filled 
with loam and sand, are sometimes very deep; 300 ft (c. 90 m) was found in 
Koticbue Sounds Alaska^ and more tlian 320 or 365 feet (98 or iii m) else¬ 
where.^ The greatest depths occur almost cxcliisivdy in the New Siberian 
Islands, at tlie mouths of the big rivers on the adjacent mainland^ and in 
Eschscbolti Bay* Alaska. 

Ground-ice was first discovered in 1S16 by O. v. Kotzebue®^ on the north 
coast of Alaska and later in nortli Siberia by Middendorf ^ on the Taimyr 
Peninsula and by E, v* Toll^^ who named it Sietneis. Since then it has 
been found widely distributed*^ (see fig. 101) within the horizontal and 
vertical limits of the frozen ground and where the mean annual temperature 
is 3 '9*0 or less.^^ In Alaska,®® ft margins the Avhole eastern shore of Bering 
Sea and Strait and h widespread a few feet below the tundra. In Siberia,®^ 
it i$ found in valleys, e.g. the Jana, Indigirka, Kolyma ^ Lena, Chatanga and 
Ob, in imposing coastal cliffs, and under the straits between the off-lying 
islands. Here, overlain by clay and turf and underlain by till, it b separated 
into two horizons by a layer containing plants and animals (see p, 649), 
though some deny this double occurrence or deem it of no particular 
significance.!®® 

Ground-ice has also been described from Herschel Islandoff the north 
Canadian coast, from Novaya Zemlya,!®^ north Fennoscandia,^®^ Mongolian 
Altai,l<^ Pamirs and from Spitsbergen!*^ (in beaches at Coles Bay it is up 
to 15 m thick and 4 km long) where its bedded layers underlie the flat floors 
of marginal terraces and valleys. 

Date and origin. The date and origin of the ice are but imperfectly 
known; for though each hypothesis may explain a particular case, none has 
won universal application, fn all probability^ the ice arose in several vvays,!®'^ 
e.g. by sublimation and condensation,^®* and by the freezing of waters that 
have descended,^®^ in veins and along the bedding, to beneath peats and 
frozen ground. This w^a$ notably so in flat terrain w^here the mean annual 
temperature is low, viz. 4- 6^C, the ground drainage is almost or quite stagnant, 
and the rocks have low conductivity and considerable absorbing powers. It 
may also arise from the freezing of lakeSt^^® lagoons and bay's J or of w^aters 
ascending veins and bedding planes (Pohle's ice-lenticJea and J. B, 
TyrrelPs crystosphenes^*^) or polygonally arranged fissures in the frozen 
ground! (Ger. Gatig^eis), especially on low plains, e.g. between the 
Jenisei and Cape Barrow—the cracks, being planes of weakness, open each 
year so that they become wider and wider. Leffingwell,^ who stressed this 
fissure origin, maintained that in /Uaska the ice builds vertical wedges in 
cracks opened by winter contraction, the wedges widening dowmwards by 
re-opening and refilling. Similar frost cracks have been seen in Siberia and 
in Baffin Bay.i*^ 

Ground-ice may have originated too by burying drift-ice on rivers or 
lakes, 1**, as fluviogenetic deposits in deltas, *!^ or ivhen tongues of ice, thrust 
into beaches, %vcre buried by river-muds and drifting sand.!i® h may have 
been associated too with heavy deposits of ice congealed over arctic flood- 
plains, l!® as in Greenland, xAlaska, North jVmerica, central Asia and north 
Siberia. The flood-waterSt with the growth of anchor-ice and the narrowing 
of the channel, become restricted, and the impeded flow creates hydrostatic 
pressure which forces the water to permeate the porous alluvium and force 
its way out. They also, when frozen over, bulge up and fracture the coating 
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of ice in weak places hy thdr hydraulic pressure. The cracks freeze and the 
ire a^n bursts, flooding and freezing alternating throughout the winter. 
1 his flood ice ” {Au/efs of Toll and Middendorf, or Taryn of Russian 

geologists may reach considerable thicknesses^ e,g. 3^5 m iit Greco iand, 
and sheet a whole plain, persisting over one surmticr or indefinitely. If 
covered by fluviatile deposits^ k may generate the crystocrene type of 
Tyrrell and north Siberia's ground-ice, as its structure and association with 
river mouths suggest. 

Ground-ice is usually believed to be a fossil ice" from the Glacial 
period though some refer it to the Miocene —this early date ia con¬ 
fessedly unsubstantiated and impossible to reconcile with the Pleistocene age 
of the associated animals (see p, 648), It is a relic of gbeiera or fimfields,^^'* 
of fiooddce,!^ of wind-driven snows presers'ed in the lee of projections, or of 
snow-drifts or “snow-drift glaciersformed when the climate was 
continental or moistor had cooler summers. Its granular structure 
and high air-intent may confirm this age,^^^ its persistence being attributed 
to the pnot^ye sheet of “ muck'\ muds, vegetation and soil, and to the fact 
formation the mean annual temperature has not been above 

i t htdeed, have thinned and in pbecs have melted away 

completely. J ^ 

That it represent Pleistocene ice of any kind is deniedsince it lacks true 
g acier stru^ure, is unconnected with ground-moraine or other signs of 
g aciation (Toll thought these had subsequently been removed), and b 
lorming under present conditions (see above). It is, indeed, affirmed that 
t e ice in Alaska is not more than 500-1000 years oJd,^^^ and in Spitsbergen, 
where it accompanies a recent reindeer head, is not earlier than the close of the 
postglacial climatic optimum.^^^ 

Phis summary betrays only too clearly the uncertainty' and confusion that 
still en\^lop the question of the age and origin of ground-ice. 

An<rthcrfonn of ground-ice istlie pipkruk^^^^ (needle-ice; Swed. pipkrake; 

rowjfe) which occurs as close bundles of fine needles 
{1 d £ tsj perpendicular to the cooling surface in fine-grained soils, e.g+ clay, 

typicdly a short-term, e.g. daily; appearance, 
and therefore forms at or just beneath the surface of the ground in an oceanic 
subpolar climate, e g. m Iceland and the sub-antarctic islands, in the German 
1 1 e ge irge, in the tropics, e,g. Mount Kenya and Cordillera Real, and in 
japan and the Drakensbergs, and much less commonly in arctic latitudes. 


>Sof(/7lJ:rroii 

? important physically and biologically, Bv the mainten- 
\ Fp^<i^d w'ater, it retards the processes of erosion so that the 
1*^1^ i^magc systems is slowed dovvn even in comparatively friable 
1 ^ ^ ^ ^ influence on vegetation,c.g, hv retarding the 

processes^ and by facilitating the formation of ponds increases 
I ^ ^ fsiuna. Since the ponds permit many aquatic animals to 
ShuL^'J the waters dr>' up.Hi h alio influences the 

amphibia which are unable to 
of the rtfi ^ ^ ^ holes oniv in dry elevated places, and 
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The permafrost, by providing an imper\ious base, gives rise on lower 
terrain to large swamps or lakes of varying shapes and sizes so that, for 
example, half of north Canada consists roughly of water and not of Iand.l -^3 
By preventing percolation and keeping the ground oool and moist in summer * 
and by developing extensive swamps, it favours the growth of mosses and 
xerophilous plantsJ'^ Although it generally hinders chemieal weathering 
(sec p. 559), it alternately freezes and thaws tJie ground^^^ and helps to freeze 
rivers in winter and to build up flood-ice. Geologically> it is most important 
in giving rise to frost thrust (Swt-d. Fjabf^utmffg) and frost heave (Swed, 
Fjdllyftmttg), as in the North-West Territories of Canada, in producing soil 
flow or solifluxion, as J. G. Andersson^^^ styled it, and in creating various 
topographical features, e.g. solifloxion slopes and terraces, soil streams and 
polygonal marking. This mass movement is a potent planing agent in high 

latirudes .^30 

Nature. In polar regions, if the ground is not solid rock nor perp<^tu=^ly 
covered with snow or ice, the cli mate resu Its in a peculiar type of soil. During 
winter, the soil is frozen and ice in the interstices wedges the particles apart 
so that they assume a position of minimum density packing* \Mtcn thaw 
comes and water flows freely» the soil and subsoil move like a liquid because 
each particle is cushioned by a film of water. This soU creeps slowly (the 
annual rate may be a few decimetres or centimetres but boldly down the 
slopes as a semi-liquid or pasty sludge of rock and mud: boulders tend to be 
aligned in the direction of movement. ^ 33 Its sharply marked boiindaiy^ with 
the frozen ground i$ uneven and itself grades upward into talus and builds 
masses which slope asymptotically against the hillsidea^^^^ The bulk of the 
moving mass is usually fine debris, but as its finer material b being constantly 
removed it tends to consist of coarse fragments and in this respect to resemble 
the Felsettmeer^^ (see below). 

Solifluxion, which may take place on slopes of as little or two or three 
degrees, is affected by the gradient and structure of the ground, the depth of 
the thawed layer, the nature of the vegetation, the incidence of the precipita¬ 
tion, and the daily change of temperature. It requires saturation either with 
repeated freezing and thawing ^ 35 or without regeiation,*^^ especially if the 
precipitation is abundant, as in I3ear Island, Iceland and the Antarctic islands. 
It occurs under melting snowfields and where the waters are poorly 
electrolytic. 

Geological actfon. Solifluxion^ one of the factors responsible for the 
lack of a contmuous mantlfi: of vegetation in the r€gh islpmum —it has a 
marked effect on plants—is an important agent in sorting and transporting 
soil waste. With the immense flushing and rapid mn-off during the spring 
melting, it may quickly assist in effacing inequalities (cf. p. 1285), such as 
strandline beaches,^^^ in smoothing and rounding hi I bides and in making 
schottcrfieldsJ** It mixes up fossils from different horizons,**^ transports 
erratics, as in the Pleistocene V'osges,*^*^ and makes them round, as in north¬ 
west Greeniand,^®*^ or in the Case of limestone pebbles of 4-6 cm diameter 
makes them ver>' flattened and asymmetrical* * 3 ,—morphometric analysis 
distinguisnes them from those of fluviatile and glacial deposits. It shaves off 
the bedrock, folds and contorts the surface layers to a depth of 7 m,i™ 
orientates the flatter boulders parallel with the flow,^*^ causes terminal 
curvature directed downhill, tmd produces chattennarks, polishing and 
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stTiBUons (sM p. 2^6). To it hsvc been attributed fJowage iind fracturing 
of rocks, With tilting, step-faulting and trough faulting, to a depth of 30 tn 
or more on valley slopes.^®® Solifiujcion also gives rise to asvmnietrical 
valleys (kc p._ 533) and builds continuous sheets or turf or stone-backed 
one or two metres broad, which override the vegetation in front 
of them and simulate shore features or moraines (they have been falsely 
interpreted as such*^®). On inclines and morainic hummocks the ground 
has the apptearance of a ploughed field, the furrows running down the 
slope. Because of the effect! veness of the process, streams abo^'e the timber- 
line m high mountains are ordinarily unable to carry away the detritus as 
quickly as it is supplied to them. 

SolitluMon, of the tj'[« termed or “clinotropic soli- 

nuxion , produces “solifluxton slopes" and continuous aprons which skirt 
t c base of pronounced features e.g, in ice-free Spitsbergen, Barents 
sland and edge Island. W hile it may sharpen these features, as in the grit 
and shale coun^' of tlie south Pennine Chain,and produce altiplanation 
terraces, ^ as m modem Alaska and Siberia or in Pleistocene Devon and 
Bnnany, it genei^ly grades the sides of the vallcv® and widens them,!''^ e,g, 
in bcMdinavia, Spitsbergen, Greenland and the Falkland Islands, and builds 
out their nwrs, ovcnvhelming and clogging the streams, and forming shallow 
ponds or lakelets ; streams have later caivcd these accumulations into 
terries, e.g. in the German Mittclgebirge and the north-eastern Alps.i?? 
^hfluxion hra also produced the dells or "corrasion niches’*,!^^ e.g. in 
he Mittelgebirge, and here and in Tibet and on Mount 'Washington 
the smooth foms of the plateaux.i 79 In Spitsbergen, where on inclines 
exceeding f. 15 the slopes are channelled bv the stream-formed 
Jt has made some of the U-shaped va]Jeys.l«i It may have carried away all 
■ frem hillsides in Labradorl®^ and" have effaced moraines 

!lT mP^<''luces therefore the Solijhii’dai or SoIigeliJ Fotitieti- 
^ ^, e processes termed ttptiplanatian, altjplojttiti’ofjf cryoplariaiiott 
abk ^ile ^ facilitated by its aid l ei and work through a rccognis- 

Yct another product of pliflu sion h the'' stone- ri ver ”. Observed i n Ti bet 
. J ‘ Jt charartenses the Falkland Islands'®^ where it was described 

(iM) »<! C. (,8,7) „„„ fully by 

^ (^ 9 * 4 )t intcrpretitd by L, Aga,ssiz as a ground-morainer^®® 
whiVh boulders of quartzite and sandstonep 

kf ^k ^ long and 40 tons in weight and occupy the vallej^Sp were 
condttirt ^ P freezing and thawing incidental to the glacial border 

. j “ f'™"' They have been 

fo feces Hid only snb- 

or Ornately to creep or solifluAJon.^^ 

“r«*=*^-rivers” or " ciystocrencs ” (Fr. 

the ciroue/^Al’ which skirt the foot of steep rock-faces in 

latitude<iiMunH ^ ^.1- North and South America in lower 

^ti hidB a^ sporadically m the French . 4 ]ps, the Enffadine l^ -pyfoi 195 

Greenland.*^ L glacier-EpS of 3Ld 
rueated rider's ^ '' 11 tongue-like forms and are cor- 

IsyTra aXove^n Im particularly in the lower 

^ ^ ^ advancing at %'ar^dng rates and 
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displaying hollows and ridges not unlikft those of moraines. ^ They may in- 
deed be regarded as dying or fossilglaciers,covered ^cith end^moraine 
and ablation moraine^ They may^ however^ be merely landslidK,^ and owe 
their ice to the freezing of springs entering them from the hills.^^^ Thus 
photographs taken 70 years apart yield no evidence of such movement in the 
Presidential Range.^®^ 

Soliduxion also produces stony clays or pseudo-tills (see p. 1075)* 

Distribution- Solifluxion, as surveys of its distribution show,^“^ is 
bounded by definite climatic limits which^ like the snoiAdine, rise towards the 
equator and from the coast inwards: the lower limit+ for example^ is at 
loco m in north Scandinavia^ at 15™ ^ Riesengcbirge, at iSoo— 

1900 m in the northern and eastern Alps^ and at 2000 m in. the central Alps 
and Balkans. It characterises polar and sub-polar lands and high mountains 
in lower latitudes; it has been reported from the Arctic,^^ c.g. Alaska* Green¬ 
land, Iceland, Spitsbergen* Bear Island* Noyaya Zemlya and north Canada 
(it is general over much of the subpolar region), from the Ural^i Fenno- 
scandia 2 fi« and a few Alpine localities'^? (the permafrost is ^nendly absent), 
and from central Kurdistan,^ Keiguden^W ^jid Macquarie Island+‘'^‘^ 

4. Patygonal Markings 

Character and classification^ Solifluxion gives rise on steep declivities 
to parallel ridges or “striped ground'* or stone stripes” (Ger* Strejfbodetil 
Fr. sob rayis^ wls rubandesi Norw. rut^mark)^ up to a m wide, as for instance 
in east Greenland and the Antarctie.^^- The size ^d spacing of stone 
stripes depends largely on the degree of slope and the size of the fragments. 
On steep slopes lateral movement Is small and the stripes are close ti^ether, 
and on slopes much over 30* the movement is almost wholly dowmiull and 
stripes do not form. Transition foims^^^ link these types with 

" polygonal markings” or fixed types which replace diem on gently rollmg 
or nearly horizontal ground. Though geologic^Iy unimportant, their 
appearance is striking and i$ enhanced by plants which grow in the channels 

or in the centre of the polygons.^^^ « . t j 

’'Fhe polygonal or patterned ground(Gcr. Poiygf>nbodm; Rautefioodmf 
Karreebod^ni Fr. sob polygonauxi Sued, ruimurken), sint^ fii^t chscovered 
over one hundred years ago and more particularly since the excursion of the 
Stockholm International Geological Congress to Spitsbergen in 1910, h^ 
been much discussed and often classified,^^^ Hogbom s classincahofis 
which has found some adherents,^ recognises the following types which by 
continual comminution of their material may represent an evolutionary 
serics^^O: (i) stone-nets, (z) stone-rings, (3) mud-fbt polygons [Schutt- 
ime/n)* and (4) fissure-polygons There are numerous 

synonyms.^^ ^ u 1 .4 

' Stone-nets {Stmkturboden of Meinardus, stone polygons of J. G. Huxley and 
N. E. Odell) build contiguous polygons (pL XXIIIb) of v-arying diameters 
but usually 0-5-2 m (Norway, 3-5 m ; Iceland* 1-1-5 m Greenland, 4'5 
Himalayas* up to 1-5 m; Antarctic up to 15 m)^ the diameters depending 
apparently upon the suitability of the ground and topography and upon the 
amount of water in the soiL^^ T-Tie diameter in Iceland increases with 
latitude. 2^4 The shapes are occasionally elliptical or circular^ and are_ 
pulled out in the direction of slope if this is steep so that finally on a slope of 
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PiKh- Their 

^ ^ of varioussiz^, is restricted 

usuallv eonveit nniji-^ ^ vertcal position. The centres which are 

PICC«^S) and clflihpd occ^onally concave and filled with smaller 

radially orsubdJvid H ' or similar vegetation are sometimes cracked 
'Oed into secondary or tertiary polygons 22 fi 
Excavations prove that the features are shallmv 2 »'fthe average depth is 
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□'5 m); experimciit shows that the depth is proportional to the diameter 
and mathematics that it equals one-third or one-fourth of the diameicr^^l 

Stone-polygons are chiefly seen on water-logged terrain p such as hard 
rockj-^^ ground-ice^^^^ raised beacheSp or the flatter parts of morajnes^ notably 
if their material b angular or mixed They are absent from steep slopes 
and are tare on perfectly level ground — the eritis^l angle is 5®.^^ For these 
reasons'^also because any flat surfaces at these altitudes have firn or if bare 
suffer from strong insolation—they are few on the high Alps.^^* If they 
occur singly instead of in their customary^ groupings they constitute Hogbom s 
''stone-rings^^ j transitions reveal a close connexion between the two types.^^ 

Miidflat polygons,like the following type^ are confined to homogeneous 
materials^ especially mudsji alluviurup deltaSi, humus or peat. Fissure or mud 
polygons grade into stone:-polygon5 by the incoming of stone-borders 
(pl/XXniA and b). Bounded by cracks, they range up to 20 m in Spits¬ 
bergen or 30 m in Siberia.^^O According to Odell ,^41 they are made by 
winter frost and may descend from stone-polygons by brewing dowTi the 
stone-borders; their secondary polygons are due to drying. **Arcuate 
markings a type which Huxley liiid Odell established^ are only seen in shal^. 

'Fo the largest form of the polygonal ground belong the "tundra polygons , 
"Taimyr polygon"tetragonal ground^* or '‘chess-board ground ^ 
These forms, polygonal or tetragonal in shape^ show no sorting and we 
bounded by ice-hllcd cracks and earth-walls above the cracks. They occur 
in Siberia, Spitsbergen and Greenland. 24 J 

Forms which also show a regular relief pattern and are associated not merely 
with frost but also %vith biological processes are those which ^^cur in grass 
{Rasenbikienr etc.)^ peat {Pab^Ff), and other kinds of vegetation.^'*^ 

Origin. The problem of the origin and development of polygonal ground 
will probably only be solved when thorough investigations of a physical and 
experimental nature are made, together with local observations on tempera- 
ture^ free7ing, water circulation, etc. 'Fhe weakness of almost all pertinent 
hypotheses is that they arc based on obseni^adons of external properties alone. 
The features are merely supctficjal structures, restricted in depth to the 
Aufittubodeii and the limit of freezing.^^^ phey arc generally, albeit by no 
means universally thought to be connected with frozen ground, which 
keeps the temperature low' and the ground moist at the thaw\ prevents per¬ 
colation and makes the ground above it into a ** closed system". Permafrost 
may how^ever be partly replaced by impermeable rock close beneath the 
surface .247 Thus polygonal ground occurs in Iceland where there is no 
permafrost. 

Notwitlistanding this amount of agreement, there are almost as many views 
as observ'crs; for probably about thirty have been suggested^ many 

of which contribute to a full expIanatioDt though this does not 

theories which invoke earthquakes, 24 S fiiud-eruption $,249 ice-rafts_ or 

thermal or COj springs.^Sl Some writers as vi'c have just seen find the link 
in the lower limit fixed by the frozen ground to the penetration of water; 
others find it in the gliding surface the permafrost provides. Whatever the 
cause; it operates rapidly since polygon^ markings appewed in ^pbnd on 
ground a swollen river had built only three months previously* r mality 
will only be reached when more experiments have been made on porosity^ 
degree of compactness, abilit)' to flotv, and the susceptibility to frost along 
lines already begun 
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..7!'*' probably due to repeated freezing and thawing in the 

top layers.^ Frost pulvensw the rock-fragments of the centre^s or sorts 
em veiticalJy (frost heaving^*), by differential heaving and gravity' settling, 
_ onzontally (frost by pusbing the coarser outwards to ieavc 

e er ones in the middle the doming of the centre is due to heaving, to 
distension by more abundant water in the 6ne material, to the increase of fine 
^tenaJ by ^mmuiution, and to the formation of thin lenses of ground-ice. 
t-ield and lateratoiy studies indicate that most disruptive effects of freeiing 
ue to t e growth of ice-crystals rather than to change in volume.^* 
^me material is also drawn inwards by cohesion .359 If the stones are flat, 

pushes them upright In this way fossils are 
i.k j ^ j unginaJ honzon.^w It is suggested (a) that frost forces 
^ outwards but on contraction the stones tend to stay where 
rnliHfAn ^ ♦t, ^ ™utb to ^ drawn back to the original position by the 
sDlittina J!® * (^) frp®* differentiates the material by 

arAnn/l 262 .t slight hoDow^ w’hich are damper than the ground 

and miiH W ^ process of splitting and comminution, once the stones 

<lifferentially arranged, are self-reinforcing in the mud- 
trmiind c* the stone-borders 353 where gutters in the frozen 

borders arlill Channels and remove the finer material from the 

itP\ thai fk* r ^ comminution of the stones in the upper part^M. and 

t^tcrial and th** lower, sodden layers produces the finer 

stone-nnire an * to the surface, pushing the coarser to the sides. The 
conal nem^ftidr?M ''r^k^ grow outwards from their centres to build a poly- 
j:_i • V ♦ ' j L ^ IS probably highest near the surface and 

centnes theui^l ves c^me lo be fitted is omitted from most theories* 

l»h»vi«m of tho snow upon .n unoven 
■\]temAni'^]t/ tk rjsmg in them^iifi because of evaporation. 

roitSSn hexagonal cracks formed by 

temperatures 37 t) or ha 5 e been connected with 

'rh”®'*'?'■iifferenrid coii- 

S^Tdie mTt;ri75“T™* ground is a factor, 274 is the 

became centrpt iff ■ centres were full enough of mud, they 

upwelling 27 * tcezing and thatving and convex because of the process of 

»pfri™nuu„pport 



nected witb dtff#.T*n~ (cree is replaced by convection currents con- 

sun*fi hf'af ftrVh^ ■ ■ selective absorptions of the 

Z It is Uyl towards the petSafrost. But 

lower layers the vfi+J bringing up of fossils and rocks from the 

iireSit?ro3r tSv.r* mentioned as evHdence, 

M ^ readily explained by the alternative theoiy of frost 

tothe fro^^nS^nd flVT"' of 4“C from the surface 

trozen ground, as has been shown by measurements in Spitsbergen and 
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the AlpSt Aoe$ not take place,and the convection, which b contrar^^ to 
fundamental la^vg of ph>'^^^;^ is negligible in these shallow^ depthsand 
would not convey differently sised boulders at the same rate. The stones in 
the mud polygons are not arranged in the way that convection would arrange 
them and those in the borders are at the surface and have not been carried 
down again. Yet a convection due to freezing above an unfrossen layer, the 
winter's "aspiration " of water and a spring ascent of clay is possible^®^ and 
accords with S* Taber's observations.-*^^ Colloidal processes liave also been 
invokedj,^^ especially in clays and humus, in tropical forms and for the 
remarkable features seen in the sand plains on Jan MayeOj^^ as well as 
processes of hydration and dehydration (Schenk, 1955). 

Fissure polygons have been linked Ttvith desiccation ^^ but, except In early 
stages w^hen they are often associated with damp ground, are probably a pro¬ 
duct of frost and relief from frost tension^-®* though ground drying in summer 
may promote their formation: the differences between polygonal ground and 
desiccation features have recently been tabulated.^®^ 

Polygonal markings probably result from alternate freezing and thawing, 
from soliftuxion, from the swellingt shrinkage and flowing of clays, and from 
the establishment of vegetation with its attendant insolation and filter effects. 

Frost scars, peat rings, tussock rings, tussock groups and tussock birch- 
heath polygons form an evolutionary series in Alaska in the silting of mineral 
soils beneath peata.^®® 

Distribution^ Polygonal markings were noted in Novaya Zemlya by 
K. E. V. Baer-®^ in 1837, They have since been found widely distributed in 
polar lands where the severe cold, resulting from the low^ angle of the sunb 
rays and their long traverse of the atmosphere, the strong cloudiness and 
mistiness of summer, the melting snows of spring and summer, and the 
presence of ice in the ground are conducive. The polygonal ground b found 
also where the ground is frozen or the water circulation b very shallow^ It 
occurs in heterogeneous matter like fans, moraines^ alluvium, river-terraces, 
or raised beaches which are free from snow for part of the year. It is 
occasionally seen in standing water.^^ 

In the Arctic^^^ e.g. Spitsbergen and Iceland, it extends dowm to sea-level 
and in the Faeroes^^ to 200 m, in Tome Lappmark to 800 m, and elsewhere 
in central Scandinavia to 1000 m^^^ and in south Norway (Joiunhcim) to 
1450.^^ The climatic limit (Ger. StriikitirbodengreHi^f) lies near the snotv- 
line or several hundred or even thousand metres below' the snowline- it has 
therefore been c^led the arctic" (H. Poser, W. Salomon)+ "polar*" (S. 
Passarge) or better still the "subniv'al" form {C- I roll). I-ike this line it 
ascends to considerable heights in lower latitudes^*® (fig. iiOt 14^“ 
i6cx> m in the Riesengebirge, iSoo-aaoo m in the Alps^ 1900-aooo m 
in the Rila I^lountains^ ^150 m in the Caucasus^ and 45® ^ Kibo 

and the Cordillera Real,^'^* In the iberian Peninsula it rises from 
r. 2600 m to c. 3000 m in the Sierra Nevadas and to 3250 m in the 
Punta de Traveler. 

The highest altitudes are reached in the subtropical pressure beltsp e.g- 
in Tibet (5200 m) and the Andes (4700 m). It also rises from the 
oceanic lands into the continental areaa^ e.g. Faeroes 200 m, Scotland boo- 
Roo m, Hiesengebirge 1500 m. Central Alps 2000 m, west Panurs 2600-^ 
2800 m, Lebanon 2900 m, east Pamirs 4700-50™ itt Mount Everest 

5000 m, from the lowlands on Sakhalin to over 2500 m in Alanchuria and 
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c. 3000 m in north Shanai, and from 350 m on Mount Desert Island, Mainct 
to 1500 m on Mount Washington, 

The markings have been discovered in the Arctic (BaJhn Land, Jan 
Mayen, Greenland, Iceland, Faeroe Islands, Spitsbergen, Bear Island, Franz 
Josef Land, Novaya Zemlya); in temperate latitudes in North America^® 
(c,g. Mount Washington, Presidential Range, Mount Katahdin, Mount 
Monadnock, Mount Desert Island, Gaspe Peninsula), Hawaii,^®® Europe^ 
(Fennoscandia, Vosges, German Mittelgebirge, north Germany, Alps, 
Pyrenees, Gr^t Britain), north Africa(High Atlas), Asia 3 K (Ubanon, 
Taunis, Pamirs, Himalayas, Siberia, Mongolia, Japan), and the tropics^^ 
(Kilimanjaro, Mount Kenya, South American, Cordillera), New Zealand><>* 
and in the Antarctic,^® including the Antarctic islands. The tropical and 
subtropical type, which is related to daily oscillations, and that which is 
found in sub"Antarctic islands (Kerguelen, South Georgia) and in coastal 
Iceland, is of the same origin as the polar type which is connected with 
seasonal changes and also occurs in Scandinavia, Ricsengebirge and the Ural 
Mountains but in miniature (*^25 

Mmy of the occurrences are quite recent,including those which have 
l^ti found on exposed lake-floors in Rhadkon, within the i850-morslne5 of 
the Alps, and on quarry spoil heaps near laich Lomond. The markings have 
been observed in a depth of i-z m of water off west Grecnland.^dS 


j. Blockfietds 

I terrain at higher elevations in middle and higher 

latitudes is often covered with a sea of angular blocks variously called “ Mack 
fields , boulder fields'' (Gcr. Fehmmeer, Blxkmeer^ Blockfeiikr). Com¬ 
posed almost wholly of local rocks, this mountain top frosi^debris may be a 
metres deep and may completely bury the subjacent rocks^ notably if 
these are quarteite, sandstone, limestone, slate or massive igneous rock, e.g. 
granite or basalt. The blocks often diminish progressively from the summit 
towards the margin where they merge downhill into genuine tdus. Transition 
forms glide or creep down the slopes along depressionsand in parallel 
waves or steep-fronted and flat-tapped terraces in which fragments are up- 
cave perpendicularly to the slope of the front and shrink vertically under 
toe influence of gravity. Frost-riven material forms, for example in Scan- 
dinav'ia, 3 toajone quite distinct from the “Alpine zone"—it has been termed 
e Ttgio apnta II, regia alpitm ieatttda or re^o alpina sterilis —and is either 
barren of life or small patches of moss, lichens and 5n/fjc herbacea and 
Kammcuh^ghcialis associations. It may even underlie plains in the Arctic, 
c.g. the Sibenan stone-tundias^u (pi. XXIVa, facing p. 571). 

Origin Blockfields which are found in polar Iatitudes,Jlz e.g. Kerguelen, 
Sf'r" and north Fennoscandia, and in more southerly 

ffir top linked with the removal of the finer material 

tn h ' ^11 K ^bfluwon soda. They were, however, disintegrated 
mechamraHy by frort acting along structural planes in hard, well-defioed 

rockJi^: the finer material has been blown or washed 
Sr. rapid if there is no vegetation and the 

to moisture-laden winds^t diminishes 

n^-rth^n^^r if the temperature 
changes with foehn winds, as m present-day Greenlandwhere the winter 
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temperature may rise from —30°C to — JoX in a few huum. It h most 
severe near the snowline on concave surfaces, e.g. in the Auvergne and 
German Mittelgcbirge, and generally on northern and eastern faces in the 
northern hemisphere. 

The number of oscillations through freezing point rather than the degree 
of cold is die coniroUing factor ^20- the vertical distribution of such oscil- 
ladons has been investigated for Switzerland and the German Mittel- 
gebirgeA^^ The (of air temperatures) are about 57 in 

Spitsbergen, 98 at Snow Hill, Graham Land, 120 in Kerguelenj and 79 on 
Schneekoppe (Riesengebirge). S. 3 . Visher ^24 has mapped them for the 
United States (fig, ita)^ 



FlC^ 11Average ohiilibI nuinbcr of liiTkcA of frec^ Ofld ihftw in. the United S+ S- 

Viaher, G. S. A. B. 56, 1^3, p. 731, 2+, 


Frost acts only slightly in ground which h more or less permanently 
frozen ; this is true in the Antarctic and is impUed by the rounded rock- 
shapes on its central plateau as Amundsen noticed. Exceptions are found at 
the continental margin^vhere periods of daily freezing and thawing mark 
the two ends of the winter season and may be profiounced because the daily 
insolation and radiation are higher. The temperature changes in lower 
latitudes with day and night but in higher latitudeSp where insolation effects 
are marked and the sun’s course more or less parallels the horizon, it results 
from sun and shade which relief or drifting clouds induce. 

The material in the has in places moved considerably. Frost 

and ice-cr^'stals in the groundp water liberated by melting sno^vs^ and gravity 
acting on rocks subject to changes of temperature have provided the actual 
means The frost works as a levelling agenej'; it may have produced, for 
example p the lawns, benches, spurs and tablelands of the Mount Washington 
RangeA^® 

Nimataks and blockfields. A nunatak lonely; tak^ a peak) — 

" nunataq” is a variant spelling — ^is an Eskimo term for an island of rock 
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Or [Tiountam irt a sea of land-icc; A, E. Nordenskiold introduced the 
word into glacial literature. “Marginal nunataks”, like the Jensen and 
Dalager Nunataks of w^t Greenland have ice on three sides only and on 
the foui^ are bounded by sea, fjord or land. Polar Eskimos use ^ 

mountain which is entirely hidden by ice but sets its mark upon 
“NunatorV^^ a compound word coined for nunataks rounded by ice, is 
objectionable etj^mologically and because such forms are difheuk to dis- 
tinguish in the field.^^^ 

"Phat the ice once rose high up the sides of nunataks (many of them 
“ monadnoek-nunataks "“"j is proved by tails of debris or solid rock, by 
moraines or lines of boulders which stretch from their lee, or by lateral 
moraines whose sucepsive rings record the nunatak's stepwise emergence 
Theoretically^ the height is given by the highest erratics and glaciated surfaces 
or by orographic features, including stoss and lee slopes.337 gut to apply 
these criteria is difEcult since an angular, serrated peak may be a true nunatak 
or a moulded summit deprived latcglatially of its glaciated formsThe 
effacement may have been by avalanches, as in the North Limestone Aips ,^39 
by solifluxionp as in Spitsbergen,^ by desquamation arising from insolation, 
as on Gaussbergp^^ or by frost which was more harmful to rocks than to 
unconsolidated accumulations. 3 ^^ 

^ Erratics rest on the rugged summit of Mount Schurmann Nunatak of tfie 
Cornell Glacier 3^3 and granite veins in east Greenland ha%’e been lowered 5 m 
since the ice overrode them. 3 ^ In west Greenlandglacial polish has 
been preserved in places even on granites, e.g. under erratics» though frost 
may have split off the pol ished slah^ But erratics have been u su^ly destroyed, 
particularly the smaller and lighter coloured oneSp as on Gaussberg,^** or 
have b^n reduced to frost-riven splinters, as in Spitsbergen , 3 ^^ or to “ debris- 
cones as in the Antarctic,^^® Balancing erratics have been removed from 
their base and roches moutonnies broken up in Kcfguclen. 34 ^ 

Angular relief may, therefore, be compatible with overriding by ice 
smccp at the levels of the higher peaks, the ice was thin and clean and moved 
slowly and frost acted drasticaJly. I’he difbeuky of distinguishing between 
^e nunataks and overridden peaks i$ seen in the contrasted views that are 
held concerning the glacial history of such high marginal lands as the Lofoten 
glands (see p. 1303), parts of west Greenland (see p. S50), north British 
Columbia (see p. 853)^ Shickshock Mountains (see p. S53), and the Torngat 
Mountains of Labrador (see p, 853) p w'here high humidity and great cold 
encourage frost action. 


6. Lake-ramparts 

Character and djstributiQn. Lake-ramparts are walls of boulders or 
other materials vyhich have their base above and beyond the ordinary lake- 
shore and follow its inflections (pL XXa) ; their composition and irregular plan 
and crest readily distinguish them from ordinary lake-beaches. 

The^^ features ^alternative names are “ice shove ridges"j “ice push 
ndg^ or ice pushed ridges” — have often been observed 351 since attention 
them in North America in. the early part of last century +352 
t. R. Buckley, 33 ^ particularly full description p recognised the follow'! ng 

types: (i) ridges of sand and gravel on gradually sloping beaches; (2) ir- 
regu blocks piled up into ridges or thrust into clays on abrupt shores* the 
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A. Lake-rampart, Sucker Lake, Shell brook, Saskatchewan 
[\V. O. Kupseh] 



Hbckiieid on -\Jount Ikordlearsiik, Tomgal Mountains, tormerly 
{glaciated [N, E. Odell] 







Plate XXIV 



hr Mud polygons near lirucebvcn, Bilkfjorden, V^siStspilshergeTi 

[ll. il lUrland] 



iL Stone polygons, Kapp KkhciVm^ Hilletjordenp V^estspitsbergen 

[II. IL HarlandJ 
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cliff being fractured and its brow, if not high, pushed over into a rampart ^ and 
(i) folds, with thrusts and tear faults, on low marshy ground about the hes^s 
of bays. If the shore is of such a fixture that it will not yieldj the ioe buckles 
with no effect. 

Ramparts arc found to-day in higher latitudes, e.g. along the Mackenzie 
River 354 in Vermont and Wisconsin.^^i in Denmark, Germany and the Baluc 
States,35fi in Scandinavia,3S^ in Greenland.33B in central and northern Asians’ 
and in New Zealand. 3*® 

Origin. Shore-ramparts require sudden oacLllations of air-temperatunca 
over a frozen lake. A rise of temperature expanda the ice, induces stresses 
of considerable strength.^*' and crowds the edge upon the shore (the advance 
on Minnesota lakes was 6 in. (f. 15 mm) per diem^W), ^stingup the shore- 
material, uprooting trees, and damaging or overturning pieis or rea-walls. 
Fissures open bv a collapse of the ioe following a lowering ol the water- 
surface 363 consequent upon a fall of temperature—ice is weak in tension—the 
cracks appearing to the accompaniment of loud reports audible over 
miles. The cracks, which may form a set radiating from the centre ot ine 
lake and another set roughly concentric with the shore, fill immediately with 
water w'hich on freezing extends the ice. For big effects, the vanous pro- 
cesses must be repeated numerous times- 

Normally, the ice has enough v-eak points to permit the release ol the 
pressure by buckling the sheet or by crumbling its edges. Moreover, a c^ver 
of snow hinders the happenings by preventing the temperamre change trom 
being communicated quickly to the ice and by bending the nx and leading to 
buckling and loss of horizontal energy. Furthermore, deep lakes which do 
not have a heavy coating of ice arc without ramparts, as are large lakes except 
in their smaller bays, since either the ice is incomprtent to constitute a strut 
and buckles into pressure ridges, or storm waves in summer obliterate any 
ramparts that may be produced.3« ObservatioTis suggest the limiting dia¬ 
meter is r, 800-3000 m,363 . . r , , 1 j 

The thrust acts to a distance which depends upon the size of the lake and 
the local climate. Hence each lake has a definite limit. On shelving shores 
the ice is forced up, together w ith any loose boulders around which it may 
freeze. Small stones are carried offshore in sutruner, big boulders in winter; 
the successive operations yield a constant selection. 

The expansion is aided, in some cases not inconsiderably, by wind worlting 
on loose ice. Suitable winds on big lakes during a spnng melung blow loe- 
rafts across the shore-lead and agmnst the *hore with great violenc^aso^ 
modem lakcs3«i and Pleistocene Lake Maumee.36J J. K Tyreell, from 
observations in Canada, advocated this view. In his opinion, the ice w^eh 
tliickens mostly from the top by tlie h^zmg of the overfowing JJ 

areas of light snowfall mostly from the bottom, expands laterally 
temoerature though most of the expansion on warming is vertical. 1 hrough- 
ouTSrwinterthc ice remains immovable and firmly frozeri to the shore. 
At the spring thaw, the ice first melts along the shore to form a lane surround¬ 
ing the large central mass. Ramparts arc fo^cd by ‘ 

which wi^ drive this way and that against the shore with prod^ous force. 

This is without doubt a veiy important 

changes or destroys sand bars, causes recession of banks, andshifts the position 

of boulders. 

37—q.E. 1 
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frfSffllo ^ geologit^ly ^ by transporting materia] 

ir It *"»>' % breakinrthe shore, en- 

and iil^^l^H p'" lalte-basm, Somcumes, as on Lake Windermere 

smates and grooves the rocb, the mark- 
mgs being strictly Jinuted in length and perpendicular to the shore. 

7 . Biver-ice 

ice"^^ and cumulative gcomorphological results of river- 

SiWa S L . *" J‘"’^h"'ard-flowing rivers, e.g. in Alaska. Canada and 

floods^™ * spnng melting to icc-nins, ice-jams and devastating 

fr^n H the surface earth and rocks over the un- 

as alone the walls, erects ramparts along its banks, 

=*"'* MacJcImiie rivers in 

die banbaS?;:J^l: ^ m Europe, e.g. the Neckar.^^i It furrows 

trees anH la.- F of forest by bendingand uprooting 

tr^ and laceraimg them; produces boulder-pavements371 who« uppeT 

' abraded: and sometim^ abrades and plulk^'Td 

with the banks r*^v!^* ur polishes the rocks 375 parallel 

side of bold urnmonfif -*.^ oblique to them, noticeably on the upstream 
uostream outside of river-bends, on rocks dipping 

SiaS the sudden break-up of the ice. ^The 

engrave bSt^Se‘^S''S^lh' ^ ^ quaUutively fram tJiosc glaciers 

to well-marked far.i. ^ coarae, frequently curved and unrelated 

L°n«rivr.S,ii!^, ^; ■“» ‘“‘1 S"»iy 

haa shatplv cut ®^P'®l®‘’Bcd in itaaction, and rarely 

epheSLdam. ^ ’'“"‘“8 ff “P by 

gorges' Rurh it * with tedoubled energy and may cut deep 

the Coiumbiii uplan^^'^p; channels of the scafaland of 

recenTti^^^lTj it Conveys erratics, as observed in 

sometimSwmra^mtL^cf™"'^ hecn carried r. Soo m and 

short disuncesonlv ftmove® material through 

During winter vvater-aMki!?"^^^ melting.3^® 

them in flood plains bccomd> f Standing in depressions above 

freshets ^.Tthe s^b™«™ 7 r m^ 

of soil below is buoyed and ’** burden 

soil, 10 -ie cm thick and <lownstream. In this wav, masses of 

cobbles, oiS S tL transponcd.3»i Its 

glacier-ice, hfve short. irregJw f 

dusivelvsubaneulartowell^,^ ^* 1 . almost ex- 

have ociasional^ been produ«d! 3 « 2 ’ snubbed ends or edges or facets 

niarine muds, as welf^i other^fiTs fluviatile, lacustrine or 

recognisable n7atkings,3S3 ThefJ^e thfimpress in 
6 »r 1 nev are the Swedish ptpitrakt (see p, 566 ). 

S. Avalanches 

morphological si^fi^ce ^l^wh^’ISv^’^^T'v ^ 

6 « oni) When they arc plentiful and lie for consider- 
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able periods; they prevent frost Keaving and wind erosion. Yet periglacial 
snow erodes not a little. It does so when more or less station ar\', as by tiiva- 
tion (see p. 302) by its weight on trees and other vegetation,'’** and when 
in movement, either as wind-driven clouds, as masses gliding almost im¬ 
perceptibly over the ground and scratching or as av^anches (see p. 15), 

Drifting snows at low temperatures, because of their hardness (see p. 214) 
and snow blast, destroy vegetation ^ including grass and trees by burying 
plantej damaging roots and sterns^ changing soil-water relations and 
causing in^tabdit)' of soils.-^^ They polish and erode rocksin the Arctic 
and Antarctic; fray rope, etch wood and polish metaJ^®®; smooth and round 
the windward faces of rocks and form vermiculations in ice and rock; and 
raise in marked relief the harder parts of heterogeneous strata. Smoothed, 
pitted and glared stones occur in the Antarctic brown, polished rocks 
near tlic Gepatschferner and other Alpine gladers.^w term Arctic 

Sahara, fittingly bestowed by E. WTiymper upon Greenland, recalls the 
barren wastes, clear skics^ high winds and emsive sand blast of the desert. 

Vet this action is insignificant compared with the performance of avalanches. 
These, though intermittent, are excessively destructive. By com pressing the 
air and inducing hurricane-like winds, they may initiate new avalanches and 
lay low whole woods up to i km away, tear off the roofs of buildings, and 
blow up stone or iron bridges, lifting large fragments 15-45 ^ into the air.^^* 
Besides these ravages, they act as one of the most devastating forces in Nature; 
J. CoaK mapped 9368 important avalanche tracks in Switzerland and P. 
Mougin 1361 for Savoy, They are particularly poivcrful in higher valleys, 
eroding the slopes over which they faJl.^^2 smoothing the surfaces and scoring 
parallel chutes (Fr. cannelures) in rocky cliffs^^^^ and helping to excavate 
cirques.^^ I'hcy tear off grass and vegetation * destroy the surface-layers 
where they creep slowly*^"^^ and plough up any forests they travereo^ They 
smooth the floors and gouge out the walls of their guiiies.^^ and scratch and 
polish the rocks in their paths.The striae and grooves are usually short 
and scored downhill and not along the valleys as in the case of glaciers; tho^e 
on boulders are restricted to one side™^^® 

Avalanches may carry vast quantities of debris which they detach from 
projections at the sides of ravines and gather in the process of steepening their 
walls. They help to build the snowslope moraines {see p. 407} or. more 
commonly^ deposit the detritus on coming to rest as cones up to 20 m thick, 
the material being sorted according to size and grain In one year {1909- 
lo)^ the avalanches of Savoy built up cones of debris with a volume of 
23^279 cu, m; a single avalanche in Chamonix brought down in one day 
2000 cu. m of earth and rock.^l 

Avalanche cones do indirect damage. They pond rivers or streams in 
temporary lakes whicht by sudde^y bursting their dams of snow and 
incoherent debris, send violent floods rushing down the %^Ieys. Ice- 
avalanches may produce catastrophic floods in the ^me way."^^ They may 
also create great waves where they fall into the sea: the Falling Glacier (see 
p* I ] t) created waves which near the glacier washed out and broke off alder 
bushes at i lO-i 15 ft {c. 33-35 m) above sea-level, and 3 niiles (c. 5 km) away 
rose to 55 ft (c- 17 m).^ 

The geological significanec of recurring avalanches is therefore consider¬ 
able' for they are much more v\idcly distributed than glaciers. Their role 
to-day is on a scale not adequately realised. They were similarly active 
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during the Pleistocene«5 in the later stages of the rctreat«« as svdl as durinc^ 
murglacial times.«7 ^pKially while the ground was still bare of vcgetatlniJ! 
Ihe oversteepened hillsides favour their action. Many screes were partlv 
_u t up wi^ their aid; and the floods which attended them strewed the vallcv 
Boors With blocks. 
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Chapter XXVIII 

GEOLOGICAL ACTION OF SEA-ICE 

Detritus m sea-ice< Sea-ice depends for its gcologicaJ action^ partly 
upm Its detritus, Although it Is generally dean and free from detritus, 
^ Danunn* noticed, mud and stones confined to cylindrical or cryoconite 
holM or disposed irregularly in heaps upon its surface have been obsen-ed 
in the Arctic,^ as by Sir. J. Franklin, Sir J, Ross, Sir, W. E. Parry, and 
particularly by E. K, Kane ^ and later explorers, Mud-cove red sea-ice on the 
shelf of Siberia is so common that the ice-fields have a broi^mish colour^— 
this 50ur« is partly responsible for the cryoconite found in the pack-icc 
north of Spitsbergen^ and cast of Greenland.'? The Antarctic pack-ice too 
contains debris,* though probably much leas than in the .Arctic since the ice- 
sheet and bergs fend off the sea-ice from the land. Transport by drift-ice 
takes place on the Baltic coasts,^ 

Drift-icc, which may convey huge amounts of shore-debris and rock- 
fra^ents up to one-fifteenth of its mass.?* deri ves its material by falls’ 1 from 
landslips, screes or avalanches from steep hill sides, or by freezing on to beach 
shingle, sands and shells when driven ashore.’^ Offshore winds’^ and 
n%ers add to it, and the sea ca:sts saneb, shells and seaweed upon 

ergs ich get their impurities from the margins and basal layers of their 

parent glacicm have little material.’* Antarctic bergs like Antarctic sea-ice 

foreign matter’? (moraine-charged bergs in the 
eddcll &a are only 1 - 3 % of tlie total number) since they calve from shelf- 
ice which IS fairly clean. 

&osive action. While drift-ice on the whole acts but insignificantly on 
solid rock, it erodes not a little uvhen driven into shoaling water by on-shore 
win s and gales, and with the weight and force of the entire pack behind it. 
Grinding and heavy floes tear off algae, an important drifting consti¬ 
tuent in the West Greenland Current,’^ and hinder algal growth, and cause 
an almost complete lack of sessile animals over much of the littoral and sub- 
littoral zones in both the Arctic and the Antarctic.^* They score the sea-floor 
^d even itii; alter the contour of the bottom, e.g. near Point Barrowand 
ui shallows, bauks and i&landsj^^ adding mHUons of ton& qf material to iht 
seav^ard side of They thud like dtanic battering-^rams against the 

tundra cliffs, break and shatter the rocks, fold and contort them if these are 
soft and incoherent,^* and erect barrier beaches, ramparts and lines of 
TOuidc^, closely packed, as along the Arctic and Antarctic coasts and in the 
Baltic Sea.27 They also round, polish and groove.s* and leave pits and long, 
sinuous trails as they drag with the rise and fall of the tjde.2^ 

W hile sea-ice ^causc of its structure is perhaps not able to scratch or erode 
so w'ell as land-ioe.^o jt jg unquestionably able to striate rocks, as was so 
generally affirmed during the earlier decades of the last century; for, although 
itiMy Arctic coasts were the scene of Pleistocene glaciation, carefully sifted 
evidence proves the action. Striae soared by this agent are usually 
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certainly distinguishable Jrom those imcribed 
(j^ below); they are paraUcl to the shore if engraved by bergs, 

them h^idal''*^’^** if by coast-ke which sometimes inscribes 

a«^ CP and fall or by sliding over stones in the w^ter. They 

huilmvx liPtw ^foken and crossed; and they leave untouched any 
company ther^^ projections or unevennesses. Chattermarks do not ac- 

flood03«0^f^ in^re^y when calWng or ovemiming. Their calving 
wavrs'-iQ m in f ''■aves in power and sJse and may generate 

the Calvin? and pt'f ^ ^ Pcojcrtions even too m) at the actual scene of 
the sea ramtinn 'i T* * high 20-30 miles (e. 33-48 km) away, keep 

stranded hero* • *^* j^*^*^*^' swirling cinrents of great velocity if 

S bv K " the waves. They loosen and detach blocks from older 

Thev peni*rar/^ ^ driving them together, or hy capsizing them. 

thf upstream for nearly i mile (c. 1630 m) against 

^u^o^^r'l*?nf“dVd-ii. craik aifd break 
some of the Produce a schuppen structure, and hurl 

1 m ahove thp ^ft. VVavc-cut cliffs ^d beaches are made up to 

waves roav wash I ^ bemg^ma^ified in narrow fjords w here the 

alone the shore whi*^!! hillsides or arrange flattish boulders 

With the ice and 

and kill trees 33 and d’ * remove lichens and moss, break 

polish and smooth tcommunities of animals .33 Thev also 
The effe^^^ I watcr-mark. 

easHv ewferaLd'''' "T' however, be 

sSrm 3 compamble with those of 

effect of drift benmM ji counterbalanced by the smoothing 

auSmn Id *11 ^^e waves in 

?^ve^d^iri« h^v. 'vho have 

^ tendency ofsea-ke to keep the 

the edge3®’ the shoit^r n^^ Pack diminishing rapidly in amplitude from 

Europe and in tl^ lat^l^ M im^rtant off Pleistocene west 

lakes, including such^c^i-^ of the Baltic. They operated in eatraglacial 

Tr-J f ei ^ Vt ^ small to have appreciable vvmd-waves ^ 

floating^ ^todiiidwKtl^ <l*wly .ig^inrt wave, breakm and 

the shelvine beach Tr - a disintegrating masses up 

tion with the rock^^ y plucking'*^ and by nivation along its juric- 

of 

calvcd^oni iee-foot^o^B)*”^^^*^'^ earned by floe- and bay-ice and by bergs 
inappreciablv'*?^ i* eier-snouts (nver-ice which melts rapidly transports 

or as shoals banks nr UUnd so to sea and dej>ositcd as single erratics 

rafStroriL h2 "tn ^ attack the ke= iec- 

Bdtic 5 J Eh ^ Arctic seasSi and in the 

(almost pure diatom ooze oci^outsidc^twi^**^*^ within the pack-ice zone 
i:oa£t-ice does not drift f^i- Antarctic^^}, since 

does not dna far out and tee with englaeial debris melts rapidly. 
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Ovcrtijm<sd bergs carry their burden farther than those which keep their 
original position; they may move ^500 miles (c. 4000 km). 

Ice-foot, chafed with pebbles from the beach and talus from the cliff, is 
sometimes an important transporting agency. ^4 Yet it generally oonveye 
little.^^ Much is above high tide and melts gradually m situ, especially if 
drift-ice protects the coasts, while that which is down the beach is frozen so 
firmly that it is not broken by waves but slowdy disintegrates. It may 
give rise to terraces.^^ 

The importance of the transport by drift-ice may be gauged from the fact 
that on an average 800 sq. miles (r. 2000 sq. km) of drift-ice pass any particular 
point on the w^est Greenland coast in one summer day^^ and from the vast 
expanse of sea over \vhich the ice floats. This is difficult to determine but 
may be 2t million sq. km in the northern hemisphere and 83 sq. km in the 
southern hemispheres^ (see p. 193). Greenland beigs distribute their 
burden over an area nine times as big as Greenland itself (blocks and gravel, 
for example, drift to Iccland^^) and Antarctic bergs \veather over an area 
four to five times larger than this continent*^: tlic Antarctic i$ surrounded by 
a zone of glacial marine sediment 200^700 miles (320-1120 km) broad 
(see below). 

The Grand Bank of Newfoundland^ t25tOQo sq, km in extent, has been 
interpreted as a frontal moraine*^ or as the accumulated droppings of bergs 
and coaat-ice ,^3 'rhe local nature of the material dredged up^ appears to 
be aa incompatible with the one as are the general cleanness of the bergs and 
lack of any berg concentration on the Bank with the other.^^ It is, indeed, 
doubtful w'hether the whole Bank was built up by drift-ice^; like the banks 
farther souths it may consist of solid rock*^ and be tectonic,^ since it is 
situated at the intersection of tivo structural axes. 

Antarctic seas are bestrewn with heterogeneous gbcio-marine deposits*^ 
which grade into the organic ooze with no sharp contact and are characterised 
by pmr sortingp an almost complete lack of calcium carbonate, and low 
organic content. The presence on the floor of Ross Sea of some rounded 
grains and of serlcite and amorphous nias$e$ of tiny grains indicates a deriva¬ 
tion from rocks w hich have contained decomposition and alteration products. 
The percentage of clay and especially colloid is unusually high, due to the 
failure of marine currents to elutriate the finer particlesp Ross Sea is floored 
with a material which haa the characteristics of a till laid dowm on land^ the 
materials being distinguished by their freshness and angularity. Glacial 
muds, grey in colour, encircle the continent to a width of 200-500 mile? 
320-800 km) and to a depth of zooo fathoms (3660 m): they floor, for 
ex^ple, BeUingshausen. Sea,™ 

The Arctic Ocean has in marked contrast but htde drifted material*^^ 
save in such areas a$ Barents Sea and Baffin Bay; the difference is readily 
explained by the unglacierlsed northern coasts of America and Eurasia and 
the influx of fluviatile detritus. Fine-grained shales are being produced 
which give no textural indication that they ever were associated with ice 
or ^ arctic cliraate^^ Bergs may even have been absent during the Glacial 
period since the Fram brought up only fine materialJ^ The sediment in 
Davb Strait and probably off the whole coast of west Greenland Is much 
sandier and better sorted than in the Antarctic^^^ 

Marine till contains unbroken fossib and shells with valves still attached to 
stones upon which they lived 
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